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Abstract 
The effects of fire, buffalo and vegetation on the distribution, abundance and activities of 
termites occupying epigeal structures in the savannas of Kakadu National Park were 
investigated. Distribution and abundance were studied by surveying 2600 structures built by 
termites over two years, within 36 sites of 0.25 ha spread over three vegetation types and subject 
to three different frequencies of early dry season fires. An additional 200 structures on six sites 
subject to buffalo grazing were also studied. Subterranean termites were sampled at three sites 
and the production of alates and respiration rates of Tumulitermes pastinator were studied under 
two of the fire regimes at six sites. 
Most of the termite species feeding on standing grass (harvesters) or fine litter (foragers) 
known from the region were found in the structures studied, but only hatf of the species feeding 
on woody litter (wood foragers) or wood (xylophages). Size of structures occupied by harvesters 
and foragers was greater in grassland and woodland than in open forest, and was directly related 
to percentage cover or biomass of perennial, herbaceous monocotyledons. Number of structures 
containing wood foragers and xylophages was greater in open forest than in woodland or 
grassland. There were more foragers and fewer harvesters where buffalo were present. 
Number of structures occupied by harvesters increased in the absence of fire ; number of 
structures occupied by xylophages decreased. Changes in foragers were related to the 
vegetation types. The abundances of food sources seem responsible for the patterns of termite 
distribution; perennial monocotyledons for harvesters, litter for foragers and wood for xylophages. 
Changes in biomasses of herbaceous vegetation and litter during the dry season also 
suggested food was important in controlling some groups of termites . After fires less herbaceous 
vegetation was available as food for harvester termites and less was consumed, but the 
consumption was a greater proportion of that available. Perennial , herbaceous monocotyledons 
were most consumed but after fires a greater proportion of annual monocotyledons, a less 
favoured food , were consumed. By contrast with herbaceous vegetation , leaf litter was rapidly 
replaced from the canopy after fires and the amount consumed was influenced by rate of 
replacement as well as amount present immediately after the fires . 
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The response of Tumulitermes pastinator, a harvester termite, to the changes after fire was 
to increase production of dispersing, reproductive forms and delay the time at which mounds 
respire most. Abundance of termites in the soil was inversely related to respiration rate of 
mounds, this was probably indicative of longer periods of foraging outside the mound. Total daily 
respiration of mounds was related to volume of a mound and was unaffected by fire. 
Occupation of termite structures by ants increased after fire, but was also affected by 
vegetation or the water table. Whether increased occupation reflected increased predation on 
termites is uncertain, however reduced populations or vigour in termite colonies after fires, and 
requirement for dry nesting sites by ants, may also be involved. 
In summary, grassland, woodland and open forest in Kakadu support a diverse, abundant 
fauna of termites living in mounds, with the harvester termites consuming much of the available 
standing grass. Termite distribution and abundance is generally affected by food . Early dry 
season fire and buffalo affect food availability and hence both harvester and xylophagous 
termites, but there are also differences among the vegetation types. The changes in termites 
may affect other components of the ecosystem such as ants, and soil processes such as 
nitrogen cycling. 
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• .. . weakening opposing armies internally ... just as fine timber falls to pieces when riddled by 
termites .. : 
The Rig Vedas (c1350 BC) 
(Dow 1915) 
·it may be doubted whether there are many other animals which have played so important a 
part in the history of the world as have these lowly organized creatures: 
C. Darwin (1881) 
·invertebrates also rule the earth by virtue of sheer body mass. For example, in tropical rain 
forest .. . each hectare contains ... over one billion invertebrates ... ants and termites alone 
comprise one third of this biomass ... humanity depends so completely on these little creatures 
that run the earth , they also provide us with an endless source of scientific exploration and 
naturalistic wonder.· 
E.O. Wilson (1987) 
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PART 1 
INTRODUCTION 
CHAPTER 1 
INTRODUCTION 
The topic 
Since early in the history of civilization, invertebrates in general and termites in particular 
have been recognized as important components of many ecosystems. The quotations at the 
start of this thesis show different stages in an evolving knowledge of invertebrate ecology. The 
earliest references are to termite destruction of human constructions. By the time of Darwin, 
invertebrates had begun to be recognized as beneficial, as well as harmful. In the quote above, 
Darwin was referring to earthworms but termites have been cited as the tropical equivalent of 
earthworms, so the general message may apply to either taxon. At present, invertebrates are 
seen as essential to ecosystem function, with termites high in importance. However, the 
importance of invertebrates _is often described in dramatic, large scale terms as in the quotes 
above: more subtle changes in ecosystem function supposedly caused by invertebrates are 
difficult to quantify because of the ubiquity, abundance and diversity of invertebrates and their 
multitude of interactions with other components of ecosystems. 
This study aims to describe how one group of invertebrates, namely termites, interacts with 
the other components of one ecosystem, namely savanna. The approach is to measure termite 
activities in areas with different biotic and abiotic environments. In some cases the differences 
are natural, in other cases the differences are the result of deliberate manipulation. The 
ecological role of termites is then defined in terms of the distribution of termites, the amount and 
nature of their consumption, and the ultimate fate of the material. 
The effect of any such changes on other components of the ecosystem is beyond a single 
study such as this. However, other studies are proceeding on many other aspects of savanna 
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ecology at sites arranged in a similar manner within the same study area. The results of the 
present study will, hopefully, be integrated with those from other parts of the ecosystem as they 
become available. 
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The large number of potential interactions between different termite activities and 
environmental parameters meant that effort had to be focused on a few interactions thought likely 
to prove important. The environmental parameters chosen were fire regime, interactions with 
other herbivores, the general type of vegetation and the position of the water table. 
Fire regimes were studied because fire is a conspicuous feature of savanna ecosystems 
and occurs both naturally and through human influence. The ecological effects of planned and 
unplanned fires, therefore, need to be known to effectively manage the ecosystem. Fire may 
also be seen as an alternative to termites as a consumer of plant material. 
Other herbivores were studied because they also potentially consume the same resources 
as termites. The interest is created by the absence of other herbivores rather than their 
presence. Native mammalian grazers are all but absent from Australian savanna, in contrast to 
savannas elsewhere in the world. The introduced Asian water buffalo (Buba/us bubalis L.) is the 
most abundant mammalian herbivore in the study area, so the interaction of buffalo with the 
native termites is of special interest. 
The water table was of interest because seasonal excess of water followed by deficit is 
characteristic of savanna and the proportion of each is important in classifying savannas on both 
regional and global scales. On a local scale, vegetation structure is strongly correlated with the 
position of the water table over the year, so this parameter also represents vegetation structure. 
Within the termite fauna, effort was concentrated on the central nest of mound-building 
termites which consume grass and litter. The termites feeding on grass and litter were chosen 
because the food of this trophic group is rapidly and greatly affected by the environmental 
parameters of interest. Another reason for concentrating on this group of termites is that their 
grass and litter food can be accurately sampled with reasonable expenditure of effort. A third 
reason was that most of the termites in this group build discrete mounds as nests. 
Termites with obvious centralized nests were chosen because they are most suitable for 
comparative ecological study. Because they are relatively simple to locate and measure, a 
substantial number from a range of sites can be sampled. This is not possible for termites with 
subterranean, arboreal or diffuse nests. Results can also be compared with those from 
overseas where mound-builders have been the most frequently studied group of termites. 
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By concentrating on species with a central nest, the nest can be used as an integrated 
measure of all termite activities. Because the central nest is maintained by activities outside the 
nest, it may be expected to show a close relationship with those activities: field evidence for this 
is examined as part of this thesis. The central nest is also the reproductive nucleus of the colony. 
Fortunately, a large proportion of the grass and litter-eating termites in the study area build 
discrete mounds. However, to put the results of the main part of the study into broader 
perspective, termites in the soil were also studied briefly. 
The approach 
In any study of complex interactions, artificial divisions must be applied to clarify results . In 
this thesis the study is divided by termite activities: it describes separately each aspect of termite 
interactions with all environmental parameters, rather than considering each environmental 
parameter separately and describing its effects on all termite activities. This does not imply a 
termitocentric view of nature. It merely reflects the convenience of grouping together results 
obtained by the same procedures. It also allows expression of the often important modifying 
influence of one parameter on another. 
The thesis is presented as a series of publishable papers. The papers are all presented in 
the basic format of the Australian Journal of Ecology. Parts of papers which are repeated, such 
as descriptions of the general study area, are printed as they will (hopefully) appear in the 
published version. Portions of text which are repeated thus are marked by a vertical line in the 
left margin. The reader may skip text so marked without foregoing any new information. The 
repeated text is included so that each paper is compl_ete in itself and readers wishing to 
reacquaint themselves with relevant background may easily do so. Spelling follows the Oxford 
English Dictionary. Where an alternative spelling exists, the English has been chosen in 
preference to the American. 
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Much has been written about the way science is, or should be, conducted (eg Kuhn 1962; 
Popper 1972; Laudan 1977, 1984; Feyerabend 1988). However the search for a definitive 
philosophy of science continues (eg Grobler 1990). In the absence of a definitive prescription for 
scientific method, I have attempted to avoid as many of the perceived problems in scientific 
method as possible. In particular, I have attempted to reflect a philosophy and general approach 
to science which attempts to avoid preconceptions (discussed by Kuhn 1962; Lakatos 1978). 
Apart from the choices of organisms and ecological factors, which are explicitly described above , 
the questions tackled by the papers are generally of the form : what is the relationship 
between ... ? In this form all relationships are acknowledged as possible, although in practice if 
the simplest relationships hold, more complex alternatives are not explicitly tested (Occam's 
razor) . The alternative approach, strict testing of positive hypotheses, can limit the possible 
relationships to those which human ingenuity can conceive without data in a finite time interval , 
and which conventional wisdom deems plausible, and denies the existence of scientific 
revelation. This is a common criticism of a strict Popperian approach (Laudan 1984). 
Having used data to suggest hypotheses and then writing a paper as if insights gleaned 
from the data were prior ideas, is logically flawed and renders most statistical tests invalid. 
Testing a hypothesis requires data independent of that used to generate the hypothesis (Popper 
1972). Likewise, justification of this practice on the grounds that papers written in this way are 
I I 
easier to read, seems to me merely an admission of literary inadequacy. Another reason for the 
approach taken in this thesis was that there were few soundly based hypotheses, because 
before the present studies so little was known about most of the relationships being considered. 
There were a multitude of possible hypotheses which could have been specifically tested, 
however testing of doubtful hypotheses was not considered productive or feasible. 
This approach does not preclude a rigorous testing of hypotheses. It means that the 
hypotheses being tested are the null hypotheses: (there is no relationship between ... ) rather 
than a positive hypothesis (the relationship is ... ). If the null hypothesis is rejected, then the 
simplest alternative hypothesis is tested (there is a linear relationship between ... ). If that 
hypothesis is rejected, then the next simplest relationship is tested (normally there is a 
logarithmic relationship between ... ). This seems a more complete way of testing for statistical 
relationships than assuming a relationship must be of a certain form for unproven theoretical 
reasons. In general, the exact form of the relationships between two variables, linear, inverse or 
whatever, is not crucial to the general conclusions drawn. In any case there was often 
insufficient data to decide between competing hypotheses as to the exact shapes of curves, with 
any degree of certainty. 
The thesis is divided into five main parts. The first introduces the topic and the 
philosophical approach of the thesis. The plan of the thesis is also stated. The literature is not 
discussed in this part of the thesis, rather the literature relevant to each of the chapters is 
discussed in the chapters themselves. 
In the second part of the thesis the distribution and abundance of structures built by 
different trophic groups of termites, and hence the termite populations themselves, are related to 
the environment. In the third part, the removal of grass and litter by termites is related to 
availability and termite distribution. In the fourth part, the fate of the material consumed is 
reported in chapters on production of winged reproductive termites, respiratory output of the 
mound and the abundance of ants possibly the major predator on termites. The fifth part 
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synthesizes all results into a general picture of the ecological interactions between termites and 
the Australian savanna ecosystem. Ancillary and methodological data are presented as 
Appendices. 
There is a brief investigation of the factors affecting individual termite mounds, where this 
may be pertinent. However, the aim of the thesis is to describe how termites interact with other 
components of the ecosystem. Termite distribution is very important for this aim, but the exact 
mechanism by which an observed termite distribution is achieved is not. The important thing is 
what factors affect distribution and what effect they have. Because termites are social insects 
there is a wide range of individual, colony, inter-colony and interspecific mechanisms by which a 
given distribution or change in distribution may be achieved. Furthermore, complicated 
interactions among parameters such as colony foundation, growth, polycaly, alate production, 
inter-colony aggression and interspecific competition. Investigation of the ways these, and 
possibly other parameters, may interact would require a major study in itself, as the dynamics 
may be complex. For all these reasons, the dynamics of individual mounds are not presented in 
great depth. 
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PART2 
DISTRIBUTION AND ABUNDANCE OF TERMITES 
OCCUPYING EPIGEAL STRUCTURES 
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Abstract 
CHAPTER 2 
THE DISTRIBUTION, ABUNDANCE AND SIZE OF 
TERMITE STRUCTURES IN NORTHERN AUSTRALIAN SAVANNAS 
10 
The effect of vegetation on the distribution, abundance and size of structures built by 
termites was investigated by a study of nearly 2200 termite structures on 36 sites of 0.25 ha 
each, within three vegetation different types, over an area of about 300 km2 in Kakadu National 
Park, Northern Territory, Australia. Thirty seven species of termites were found within the two 
thirds of the structures that were occupied. These species included most of the harvesters and 
foragers known from the region but only about half of the woody litter or wood eaters. Most 
species were distributed sporadically so few conclusions about their distribution were possible. 
Likewise, the species composition of the termite community showed no distinct patterns among 
the sites. 
In the more frequently occurring termite species, the number and size of structures showed 
distinct patterns related to vegetation and primary food sources . Species consuming grass or 
fine litter had larger structures in grassland and woodland than in open forest; species consuming 
woody litter or wood had more structures in open forest. When all the species consuming a 
particular type of food were combined, similar patterns were observed. Percentage cover and 
biomass of perennial , herbaceous monocots also explained some of the variation in the 
characteristics of the structures of the grass and litter eaters. 
Distribution of termite structures is thus attributed to the abundance of foods of different 
types. Whether number or volume of structures was affected is explained by the distribution of 
the foods in space and time. The influences of soils and vegetation type, which are closely 
connected with each other and with abundance of food , are also discussed . 
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Introduction 
Termites and their structures are very abundant throughout most of the tropics and sub-
tropics. Because of their abundance, termites may be an important influence on both the other 
organisms and the biophysical processes in the ecosystem. As herbivores and saprovores, 
termites may consume a large proportion of primary production (Sands 1965b; Peakin & Josens 
1978; Wood & Sands 1978; Chapter 5). As prey, termites may form an important food source for 
a diverse range of animals (Calaby 1960; Gay 1970; Abensperg-Traun 1988; Morton & James 
1988; Kok & Hewitt 1990) . As tunnellers and builders, termites may alter the distributions of 
particles, pore spaces and nutrients in the soil (Lee & Wood 1971 b; Wood 1988; Lobry de Bruyn 
& Conacher 1990). 
To assess the role played by termites in the above processes, detailed studies of the 
environment, the activities of termites and their distribution are needed. However, few such 
studies have been conducted, and none of these were in Australia (eg Lepage 1974; Josens 
1982a, b; Ferrar 1982a, b, c, d, e). Hence an extensive study has been commenced within 
Kakadu National Park, Northern Territory. Other publications have described the environment, 
the termite activities associated with termite structures and the abundance of termites in the soil 
(Chapters 3, 4, 5, 6, 7, 8) . This chapter describes the distribution, abundance and size of termite 
constructions, particularly in relation to soil water and vegetation. 
The ecological factors influencing termite distribution are poorly understood. Distribution of 
termites has been empirically related to broad soil types frequently but quantitative data are rare 
(Holt et al. 1980; Spain et al. 1983). The distribution of soil particle sizes and soil depth have 
been implicated as important influences on distribution but the mechanism remains unknown 
(Lee & Wood 1971b; Holt et al. 1980; Spain et al. 1983; Kooyman & Onck 1987a). Even within 
very general qualitative relationships there are many exceptions (eg Hill 1942; Watson & Perry 
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1981 ). Within the broad soil types too, abundance of termite species is often highly variable (eg 
Mat hot 1967; Pomeroy 1977). 
The lack of quantitative data is particularly evident in Australia, where scarcity of the native 
mammalian herbivores which are so abundant on other continents means that insect herbivores 
may be especially important (Ruess 1987). Distribution and abundance of termite mounds have 
been quantified in north Queensland only, with emphasis on the pedological significance of the 
mounds (Holt et al. 1980; Spain et al. 1983). More general, qualitative observations have been 
made, but in no systematic way (Hill 1942; Lee & Wood 1971 a, b; Wood & Lee 1971; Watson & 
Perry 1981; Braithwaite et al. 1988; Holt & Coventry 1988). 
This chapter reports the results of a systematic survey of termite constructions over an area 
of about 300 km2 of relatively undisturbed savanna within Kakadu National Park, Northern 
Territory. First, the termite species found, number of structures and their size are described. 
Then these parameters are compared with vegetation and soil characteristics. These 
comparisons suggest that the distribution, abundance and size of the structures built by many 
termites, taken either by individual species or grouped according to principal food source, are 
influenced by the availability of food. 
Materials and Methods 
Study Area 
The study was conducted in natural savanna near the north coast of the Northern Territory . 
A general description of the area has been given by Story et al. (1969). Climate is monsoonal , 
there is little precipitation and low humidity from May to September, heavy precipitation and high 
humidity from November to March and transitional periods in October and April (MCAipine 1969, 
1976). The region consists of gently undulating erosional plains cut across folded lower 
Proterozoic sedimentary, metamorphic and intrusive rocks with a few steep ridges of more 
resistant rock and extensive seasonal swamps along major watercourses (Story 1969). Soils 
are gradational, red or yellow-red, sandy or gravelly, on laterite (Hooper 1969). 
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The study was conducted at Kapalga (12°20' to 45'S, 132°1 O' to 30'E) an area within 
Kakadu National Park set aside for scientific research and managed by CSI RO. Square sites of 
side 50 m were randomly located within grassland, woodland and open forest vegetation types 
within each of 12 management catchments (Figure 1) . Detailed descriptions of these vegetation 
types and the sites used in this study have been presented elsewhere (Chapter 5, Appendix 1 ). 
Briefly, the grassland sites are in shallow valleys near small seeps, where water is present over 
most of the dry season. Vegetation is very open with scattered Pandanus spiralis A.Br., 
Syzygium suborbiculare (Benth.) Hartley & Perry, Xanthostemon paradoxus F. Muell. and 
Melaleuca spp., over mostly low perennial grasses. The woodland sites are in slight 
depressions where soil drainage is impeded but surface water is not normally present. 
Vegetation is more dense than at the grassland sites but still open, consisting mostly of 
Melaleuca nervosa (Lindley) Cheel over low annual grasses. The open forest sites are level, 
well drained and covered by a low open forest of Eucalyptus miniata Cunn. ex Schauer and 
Eucalyptus tetrodonta F. Muell.. The understorey consists of tall grasses such as Sorghum 
stipoideum (Ewart & J.W. White) C. Gardener & C.E. Hubb. and Heteropogon triticeus (R.Br.) 
Stapf .. 
Percentage cover of herbaceous vegetation was estimated in the first week of June 1987, 
before the fires. Nine square quadrats of 0.5 m2, located at the corners, centre and half way 
between the corners and centre, were sampled. Visual estimates of percentage cover were 
used, each percentage being agreed between two observers. Biomass of herbaceous 
vegetation was estimated during June/July 1988, as described elsewhere (Chapter 5). Only 
estimates of biomass from sites unburnt in both 1987 and 1988 were used. 
Soil characteristics are broadly correlated with vegetation types and have been described in 
detail elsewhere (Appendix 1 ). Briefly, grassland occurred on deep grey soils of loamy sand 
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grading down the profile into sand to clayey sand . Woodland occurred on shallower, lighter 
coloured soils of similar texture. Open forest occurred on yellow-red soils of loamy sand to sandy 
clay loam grading down the profile into clayey sand to sandy clay loam. 
All sites were burnt in September 1986, before most of the fire-breaks shown in Figure 1 
were constructed. Feral buffalo were not present on any of the sites (Figure 1 ), having been 
removed in 1982. 
Sampling of termite structures 
Termite structures were sampled during the mid dry season (June, July, August) of 1987. 
Within each site structures built by termites were located by searching the site systematically in 
strips of 5 m width. The strips were defined using measuring tapes laid around the perimeter and 
across the site. Each strip was carefully searched by two people, each traversing the strip twice, 
looking for all structures above ground level likely to have been built by termites . Structures high 
in trees, such as the arboreal nests of Nasutitermes graveolus (Hill), were ignored. 
When a structure was located, height and horizontal dimensions were measured to the 
nearest cm using graduated poles and a perpendicular rod. For measuring height, the pole was 
placed so that O was at the level of the general ground surface, where there was no evidence of 
construction by termites or soil outwash. The longest horizontal axis and the perpendicular 
dimension of the structure were then measured at intervals of 20 cm height, commencing at 1 O 
cm. Measurement of horizontal dimensions was not started at ground level because there was 
often soil, apparently washed off the structure , around the base. The amount of soil outwash 
was extremely variable, and preliminary investigations revealed little evidence of activity by 
termites, so the outwash was ignored in calculations and analyses (below) . The solid figure 
(cylinder, hemisphere or cone) most closely resembling the portion of the structure above the 
uppermost horizontal measurements was recorded for use in estimating the volume of the 
structure. 
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After measurement, termites were collected from each structure for identification. Small 
structures were tilted so that they generally fractured near the base. Large structures, more than 
about 50 cm by 50 cm basal dimensions, had a small hole of about 1 O cm diameter broken in the 
side using a geologists' hammer, from which termites could be collected. The hole was 
positioned where experience had shown termites were likely to be found (personal observation; 
P. Jacklyn, Department of Zoology, University of Sydney, pers. comm.). 
Structures were searched for termites for up to about one minute after being opened. If no 
living termites could be found in a small structure, the structure was replaced and broken again 
higher up (or lower down if the original break was nearer the top). Very few large constructions 
were unoccupied. As many castes as possible were collected in the time the structure was open 
using jewellers forceps. All termites collected were immediately fixed in 70% alcohol. A voucher 
collection will be deposited at the Australian National Insect Collection, Canberra. Designation of 
unknown species follow Braithwaite et al. (1986). 
Termites were identified to species with the help of Dr J.A.L. Watson and Mr L. Miller, 
CSIRO, Division of Entomology, Canberra, and published descriptions (Hill 1942; Watson & 
Perry 1981 ). Species were divided into four exclusive trophic groups on the basis of food found 
within termite nests (mainly grass fragments), the form of the worker digestive tract (Gay 1970), 
and published accounts (Hill 1942; Gay 1970; Braithwaite et al. 1986, 1988) (Table 1). Because 
there is some uncertainty and overlap in the trophic groups, particularly between harvesters and 
foragers, these two trophic groups were analysed both separately and combined. 
Calculations and analyses 
Volumes of termite structures were estimated by summing the volumes of the series of solid 
figures which approximated the segments between the pairs of horizontal dimensions. For the 
bottom segment, between ground level and 1 O cm height, an elliptical cylinder was used, with 
axes of the structure dimensions at 1 O cm height. For the top segment, above the uppermost 
horizontal measurements, either an ellipsoid, elliptical cone or elliptical cylinder was used, 
I 
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depending on the shape of the structure (above) . The axes of the figure were the uppermost 
horizontal dimensions of the structure and the height was the distance from the horizontal 
dimensions to the top of the structure. For any intermediate segments, a truncated elliptic cone 
was used, with axes at the ends equal to the upper and lower horizontal dimensions of the 
structure. 
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All statistical analyses were conducted using Genstat 5.21 (Payne et al. 1987). In addition 
to the standard facilities of Genstat, plots of residuals versus fitted values were examined to 
detect outliers and heteroscedasticity (Zar 1984; Lane et al. 1987; Payne et al. 1987). 
Heteroscedasticity was corrected by applying an appropriate transformation, as indicated with 
individual results. Multicollinearity among the different measures of vegetation was checked by 
examination of a correlation matrix. If measures were closely correlated, one was excluded from 
analysis. The measures excluded from analyses are listed in Table 2, and the implications of this 
procedure are discussed in the section on causes of termite distribution, below. The adjusted R2 
statistic was used throughout (Mccullagh & Nelder 1983; Weisberg 1985; Payne et al. 1987). 
Most analyses were by linear regression. 
Number, total volume and mean volume of termite structures on each site were analysed 
separately as follows. First, differences between vegetation types within catchment blocks were 
tested using regression procedures. Then a step-up multiple regression was used to identify any 
vegetation parameter which significantly improved the proportion of total variance explained by 
the regression, either over all vegetation types, or within vegetation types. (Step-up regression 
was used rather than the normally preferable step-down procedure because there were too few 
degrees of freedom to include all variables in a starting model.) Vegetation data from different 
years were analysed separately because data from all sites were not available for 1988 (above : 
see also Chapter 5) . For analysis of single species, all of which were absent from many sites, a 
logistic regression of presence or absence of termites was calculated first , using the same 
procedure as that above . Then analysis proceeded as above , but using the sites where the 
species was present only. 
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The complete and harvester termite communities at all the sites were compared with the 
community of herbaceous monocots using non-metric multidimensional scaling and Procrustes 
rotation (Digby & Kempton 1987). For the non-metric multidimensional scaling the Bray-Curtis 
similarity coefficient was used to calculate similarity matrices between the sites characterized by 
the numbers of structures occupied by each species of termite and total volume of structures 
occupied by each species of termite and by the % cover of each species of herbaceous plant. 
Each of these similarity matrices was then reduced to two dimensions using non-metric 
multidimensional scaling. Two dimensions were used as most ecological data seems to reduce 
to between two and three dimensions (P.R. Minchin, Research School of Pacific Studies, 
Australian National University, pers. comm.). Ten starting configurations of the similarity matrix 
were used, which produced at least 2 analyses with the same minimum stress function, indicating 
that the global minimum had probably been found (Payne et al. 1990). 
The relationships among the sites when classified by termites were compared with the 
relationships among the sites classified by the herbaceous vegetation using Procrustes rotation, 
with centring, normalization and reflection allowed (Payne et al. 1990). This analysis finds the 
closest fit of the points representing the sites in the original two co-ordinate systems, by 
translation, scaling, rotating and (possibly) reflecting one of the co-ordinate systems. (All of 
these actions do not alter the relationships among the points, merely the scales of 
measurement.) The closeness of the set of relationships among the sites in the two co-ordinate 
systems was assessed using a plot of the lines joining the corresponding site in the two systems, 
as there is no statistic with known sampling distribution available (Digby & Kempton 1987; R.B. 
Cunningham, Department of Statistics, Australian National University, pers. comm.; P.R. Minchin, 
Research School of Pacific Studies, Australian National University, pers. comm.). 
The distributions of the termite species were analysed by both cluster analysis (Bray-Curtis 
similarities, UPGMA clustering) and metric multidimensional scaling (Legendre & Legendre 1983; 
Digby & Kempton 1987). The former was used to delineate any separate clusters of species with 
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similar distributions and the latter to elucidate more continuous patterns in species abundances . 
Both numbers and total volumes of mounds were used in each analysis. 
Results 
General distribution of termite species 
Thirty seven species of termites were collected from 2181 structures, 1578 of them 
occupied (Table 1 ). Many species occurred in a few structures at a few sites only, so that no 
definite conclusions about distribution could be drawn (Table 1 ). Only species occurring in more 
than 50 structures were analysed separately: all species were included in the analysis of species 
groups. Details of statistical analyses are presented in Table 3. 
Eleven species were found in only one vegetation type, 11 species were found in two 
vegetation types and 15 species were found in all three vegetation types. None of the species 
found in only one vegetation type was abundant: maximum density was 1.3 structures ha-1 
(Table 1) . Species found in ·one vegetation type were in all trophic groups and some were 
restricted to each of the different vegetation types. 
General distribution of mounds 
The abundance of all termite structures differed significantly between vegetation types 
(Figure 2). Similar results were obtained for the abundance of all termite structures located at the 
base of trees and for those away from trees (Figure 2) . Total volume of all termite structures did 
not differ significantly between vegetation types, however, the volumes of all structures located at 
the base of trees and those located away from trees each differed significantly between 
vegetation types, but in a complementary way (Figure 3). 
Most structures were located away from trees, but a greater proportion of structures 
occupied by species consuming grass or litter were located thus (Figure 4). Sixty percent of the 
structures located next to trees were occupied by species consuming wood or woody litter 
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(Figure 4) . There was no difference in the proportions of dead and living trees next to the termite 
structures occupied by the different trophic groups (Figure 5). 
Abundances of both occupied and unoccupied structures, taken in total or subdivided 
according to location relative to trees, differed significantly between vegetation types (Figure 6). 
Total volumes of both occupied and unoccupied structures did not differ between vegetation 
types (Figure 7). Occupied constructions located away from trees had significantly larger 
volumes in grassland and woodland than in open forest, and occupied constructions next to trees 
had larger volumes in open forest (Figure 7). 
Number of unoccupied structures was significantly related to number of occupied 
structures, but neither the intercept nor slope was affected by vegetation type (F = 2.9; df= 2,30; 
P = 0.74 and F = 0.5; df = 2,30; P = 0.61, respectively) (Figure 8). The relationship also left over 
60% of the total variance unexplained (Figure 8). Total volume of unoccupied structures was not 
related to the total volume of occupied structures (Figure 9), nor did vegetation type have any 
effect, either alone or interactively with total volume of occupied structures (F = 1.7; df = 2,30 ; P 
= 0.21 and F = 2.57; df = 2,30; P = 0.09, respectively). For unoccupied structures, it was not 
always possible to positively identify the species of termite which built or formerly occupied the 
structure, especially when the structure was in disrepair or badly eroded. No analysis of 
occupation rates was attempted for individual species for this reason. 
The proportion of all structures, by both number and volume, occupied by the different 
trophic groups differed significantly between vegetation types (Figure 10). Harvesters were the 
largest group in grassland whereas wood eaters were the largest group in open forest. In 
woodland there were about equal numbers of structures of all groups, but the structures 
occupied by harvesters and foragers were much larger. 
I· 
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Distribution of termite communities 
The cluster analysis revealed no distinct groups of termite species with similar distributions 
(Figure 11 ). Likewise there were no strong trends in termite species occurrence identified by 
ordination (Figure 12). Particularly, the species within the various feeding groups did not change 
in abundance among the sites in a similar way. 
Procrustes rotation of site classifications created using non-metric multidimensional scaling 
and Procrustes rotation showed that there was little similarity between classification by termite 
data and herbaceous monocot data: the relationships among the termite communities identified 
by non-metric multidimensional scaling were quite different to those among the communities of 
herbaceous monocots at the sites (Figure 13). This is indicated by the apparently random 
lengths and orientations of the lines joining the points representing the same site in the 
respective ordinations. If the ordinations were similar the lines would be short and cross in few 
places: this is clearly not the case in any of the comparisons. There are thus often quite different 
combinations of termite species on sites with similar combinations of plant species and, 
conversely, different combinations of plant species on sites with similar termite species. 
Grass harvesters and litter foragers 
The presence or absence and number of structures occupied by most species of harvester 
and forager termites were unrelated to vegetation type or other environmental parameters 
(Figures 14, 15). The only exception was Amitermes sp. A which had significantly more 
structures in woodland and open forest than in the grassland (Figure 15). All species of foragers 
-
combined had significantly more structures in open forest than in grassland, with abundance in 
woodland in between and not statistically distinguishable from either (Figure 15) . 
For individual species of termites, mean volume of structures was always greatest in 
grassland and least in open forest (Figure 16) . Total volume of structures per ha differed 
significantly between vegetation types in Tumulitermes sp. A, Amitermes laurensis and 
Amitermes sp. A (Figure 17). In Amitermes sp. A (a forager) , volume was largest in woodland, 
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whereas for Amitermes laurensis and Tumulitermes sp. A (harvesters) volume was largest in 
grassland. All three species volume was least in open forest. All species of harvesters 
combined and all species of harvesters and foragers combined had the largest volume of 
structures per ha in grassland and the smallest volume in open forest (Figure 17). Percentage 
covers of perennial, herbaceous monocots were significantly related to the total volumes of 
structures for Amitermes laurensis, Tumulitermes sp. A (both harvesters) , all harvesters 
combined, all foragers combined, and harvesters and foragers combined (Figure 18). 
21 
There were generally too few data to draw definite conclusions about the relationships 
between individual termite species and biomass of grasses. Likewise, the composition of termite 
and herbaceous monocot communities were not related (Figure 19). However, both 
Tumulitermes sp. A and Amitermes laurensis showed trends towards higher total volumes of 
structures where biomass of perennial herbaceous monocots was high (Figure 20). For all 
harve$ters, and harvesters and foragers combined, this trend was statistically significant (Figure 
20). There were no statistically significant associations between occurrences of individual termite 
species and single grass or tree species. Because of the large number of regressions, the 
individual coefficients are not presented. 
Consumers of woody litter 
The only species in this group which showed significant differences in either 
presence/absence, number, mean volume or total volume of structures was Termes sp. A 
(Figures 21 , 22 & 23) . This species was more often present in woodland and open forest than 
-grassland (Table 1). There were also significantly more structures in open forest than woodland 
and fewest structures in grassland (Figure 21 ). For all species combined, there were significantly 
more structures in woodland and open forest than in grassland (Figure 21 ). Total volume of 
structures for all species combined did not differ between vegetation types (Figure 23). None of 
the specific vegetation parameters showed any statistical relationship with any termite species or 
the group as a whole. 
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Wood eaters 
All wood-eating species except Microcerotermes serratus (Froggatt), were more often 
present in open forest than woodland or grassland and had significantly more structures per ha in 
open forest than in the other vegetation types (Table 1, Figure 24) . There were always fewer 
structures in grassland than woodland, but the differences were never statistically significant 
(Figure 24). Not surprisingly, the numbers of all species combined showed_ a similar relationship 
with vegetation type (Figure 24). 
Mean volume of structures differed significantly between vegetation types for M. serratus 
and Coptotermes acinaciformis (Froggatt), both in the same pattern as for the number of 
structures (above) (Figure 25) . Total volume of structures differed significantly among vegetation 
types for Microcerotermes boreus Hill, C. acinaciformis and all-wood eating species combined, 
again in the same pattern as for number of structures (above) (Figure 26). There were no 
statistically significant associations between occurrences of individual termite species and 
individual plant species. 
Discussion 
Species found 
The termite species collected in the present study represent a substantial portion of the 
termite fauna of the region, with 28 of the 4 7 species known from similar habitats (Braithwaite et 
al. 1986, 1988). The main elements missing are species nesting in the crowns of trees, in the 
-
nests of other termite species and under the ground surface. Most of the species known from 
the crown, for example the Kalotermitids Neotermes sp. and Cryptotermes secundus (Hill), 
consume wood in the canopy (Braithwaite et al. 1986, 1988). The species living as inquilines, for 
example Ahamitermes nidicola (Mjoberg), consume the nest material and wastes of the host (Hill 
1942; Gay 1970; Braithwaite et al. 1986). The subterranean nesting species are probably the 
largest group omitted, and include species consuming all types of food except herbaceous 
monocots, for example, Nasutitermes graveolus, Nasutitermes sp. and Termes taylori (Hill). 
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Some species that are normally subterranean, such as Mastotermes darwiniensis Froggatt , were 
collected from structures above the ground but these species were uncommon. 
In addition to the species already recorded from the area, nine of the species found were 
new records. Some, such as Amitermes meridionalis (Froggatt) were known previously from 
nearby (Hill 1942; Gay 1970), but most were undescribed. When these nine species are added 
to the previously known 47 (Braithwaite et al. 1986, 1988), the total number of species in the 
region is comparable with other species rich areas of Australia, such as Cape York (63 spp.) 
(J.A.L. Watson, CSIRO Division of Entomology, pers. com.). 
The species collected should be representative of termites as a whole because species 
occupying structures above ground level do not form a clearly defined subset of termites by any 
other criterion. The habit of building above ground level is not associated with phylogeny: both 
closely and distantly related species show both convergence and divergence in their 
constructions (Hill 1942; Gay 1970; Noirot 1970a; Stuart 1970; Watson & Perry 1981) . Even 
within species, building habits may be uniform or may change between regions as in, for 
example, Drepanotermes rubriceps (Froggatt) or Nasutitermes triodiae (Froggatt) (Hill 1942; Gay 
1970; Gay & Calaby 1970; Watson & Perry 1981). The factors involved in such differences in 
building behaviour are not well understood (Stuart 1970). Hence the termite species sampled 
are not a biased sample, except for Kalotermitids (above) . 
Building behaviour 
-
A previous study of the region found no differences between vegetation types in the number 
of species building above the ground (Braithwaite et al. 1988) . However when the previous 
species list is combined with the species found in the present study and the species are 
categorized by primary food source a pattern emerges. 
Seven of the eight species of harvesters and three of five species of foragers build above 
the ground (Braithwaite et al. 1988; present study). The proportions of species bu ilding above 
ground are thus higher than in most other places for which data are available , for example the 
Western Australian wheatbelt (six of 23 species with known nesting habits building above 
ground), central Australia (1 0 of 28 species) , or South Africa (10 of 20 species) (Watson et al. 
1978; Ferrar 1982a; Abensperg-Traun & De Boer 1990). 
The prevalence of building above the ground may be associated with soil waterlogging, 
which is frequent at Kakadu during the wet season. Termites may avoid such conditions. 
Alternatively, harvester termites may need to store forage away from moisture to prevent 
spoilage. Structures above the ground may also assist in thermoregulation of the colony when 
termites cannot move into the soil because it is waterlogged (Gay & Calaby 1970). 
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By contrast with the harvesters and foragers, only seven of 18 species of wood-eating 
termite build visible structures above ground level (Braithwaite et al. 1988; present study). Hence 
this group is under-represented in the present study. However, the prevalence of nesting above 
ground level is still marked: only six species nest entirely underground with the remainder nesting 
within their food source in the bole or crown of trees (Braithwaite et al. 1988; present study) . 
Most of the species which occupy visible structures above the ground feed more on dead and 
fallen wood than live wood (eg Microcerotermes spp.) (Braithwaite et al. 1986, 1988). This may 
be because dead and fallen wood is more subject to environmental fluctuations than wood in 
living trees and mounds may offer termites better opportunities to control their environment. 
Nesting within their food resource is not possible for species feeding on herbaceous monocots 
and fine litter. 
About half of the termite species feeding on woody litter build visible structures above the 
ground, so this group may be intermediate between the harvesters or foragers and wood eaters 
(Braithwaite et al. 1988; present study) . Because half the species build above the ground, 
representation of this trophic group in the present study should be reasonable . 
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Distribution of species and species groups 
Very sporadic distributions, such as those found in the present study, are characteristic of 
termite species within many communities (eg Mathot 1967; Williams 1968; Ferrar 1982a; 
Braithwaite et al. 1988). There are several possible reasons for this form of distribution in termite 
species but they have been seldom discussed. 
One possibility is that the distributions of termite species may be controlled by predatory 
ants (Holt & Greenslade 1979; Holt 1990). Because the distribution of ant species and nests 
have not been known in most studies of termite distribution, control of termite distribution by ants 
may not have been recognized. However, there is no evidence of ants causing colony death in 
the area (Chapter 9). 
Another possible reason behind apparently sporadic distributions is uncertainty about 
whether morphological species are really biologically or genetically distinct entities (Hill 1942; 
Clement 1970). Hence several sporadically distributed species within a genus may be different 
forms of the same species which, when combined, are much more uniformly distributed. 
A third possible cause of sporadic distributions is soil variability. Soils are typically variable 
over distances of one to a few metres (Beckett & Webster 1971; Nielsen & Bouma 1985), and 
may influence termite distribution in a number of ways. Soil structure and texture may influence 
termites because soil particles within a certain size range may be necessary for construction , for 
ability to tunnel , or for termites starting colonies to dig into the soil. Soil drainage may also be 
important because it may influence the ability of termites to find and use soil water or it may 
determine whether termites must be able to avoid or tolerate waterlogged soil. 
A fourth possible cause for sporadic distributions is the broad food and environmental 
tolerance of many termite species (Hill 1942; Gay 1970; Wood & Sands 1978; Braithwaite et al. 
1988). Combined with aggressive territorial defence by many species (Stuart 1970; Brian 1978; 
Baroni-Urbani 1979 ; Springhetti & Amore Iii 1982 ; Rois in et al. 1987), broad tolerances may mean 
I 
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that a particular area may be occupied by any of a number of species, depending on which 
species arrives first (founder control) (MacArthur & Wilson 1967; Grubb 1977). All species are 
maintained in the community because each arrives first at some of the suitable patches (Sale 
1977; Buss & Jackson 1979). 
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The fourth hypothesis is supported by the way that combining species into broad trophic 
groups allowed simple, plausible and statistically significant associations with vegetation to 
appear. This hypothesis is further supported by most of the abundant species within the trophic 
groups behaving in the same way as the group as a whole, although the differences within 
species were often not statistically significant because of the variability in occurrence (above). 
The hypothesis is also supported by the multivariate analyses not showing any groups of 
termite species occurring together frequently at similar or complementary abundances (Figures 
11 , 12) . It is also supported by the sites with similar vegetation having quite different termite 
communities (Figure 13). Even the harvester termites differed greatly between sites with similar 
vegetation (Figure 19). 
Relationship between number and volume of structures 
The comparison of how the different feeding groups of termites were related to the 
environment shows a contrast between the harvesters and foragers, in which mean or total 
volume of structures was related to the environment, and wood-eaters, in which number of 
structures was related to the environment (Table 4) . Whether number or volume of structures 
was related to the environment may be associated with the distribution of food . For the 
harvesters and foragers, where mean volume per structure was related to vegetation , food is 
evenly dispersed and individual food items do not supply a colony for very long. Hence a colony 
may defend an area containing many separate , small food sources. The area which can be 
successfully defended from a central structure may thus determine the number of structures. 
However, the amount of food within the defended area may determine the size of the population, 
and hence size of the structure . 
I 
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The area which can be defended may be controlled by intrinsic and relatively invariant 
forces, such as metabolic cost of movement and defence and so may not itself vary much. The 
amount of food within the area however, is likely to be very variable and therefore probably has 
an important influence on termites (see discussion on environmental relationships below) . 
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By contrast with harvesters and foragers, the food of wood eaters, and to a lesser extent 
woody litter eaters, is scattered and patchy. Individual food sources are mostly large, for 
example logs and trees. Hence colonies may be advantaged by building near, and defending, 
each food source. The number of structures may thus most accurately reflect the amount of food 
available. 
Despite the relationship of both number of structures per ha and mean volume per structure 
to vegetation, total volume of structures per ha may be the most ecologically useful measure of 
termite distribution and abundance. The usefulness is because total volume of constructions 
may be most easily related to the magnitude of termite interactions with the rest of the 
ecosystem: termite abundance, consumption of herbaceous monocots and litter, respiration rate 
of mounds, production of winged reproductives, and turnover of soil from structures are all 
associated with total volume of structures (Bonell et al. 1986; Holt 1987; Appendix 2, Chapters 5, 
6, 7) . Using total volume of structures as a measure of termite abundance may also work for 
groups of species because many species have a similar population of termites per unit volume of 
mound (Goffinet 1976). 
Occupied and unoccupied structures 
The overall 38% of structures unoccupied is about the middle of the range of reported 
values (20 to 50% for non-Macrotermitinae: Lee & Wood 1971 a; Goffinet 1976; Holt & 
Greenslade 1979; Collins 1980; Ferrar 1982b). The absence of any good relat ionships between 
the numbers or volumes of occupied and unoccupied structures is also in accord with other 
reports ( eg Bodot 1967b} . There are several possible causes for the lack of any good 
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relationship. One possibility is that unoccupied structures of different species remain visible for 
different periods, because of either size or rate of erosion. Another possibility is different 
turnover rates in colonies of different species. A third possibility is that the sites have different 
rates of colony death or foundation because of their recent history, particularly of fires. The fire 
history of the sites is not known sufficiently to comment on this hypothesis. However, the 
changes in the structures on 21 of the sites, subjected to different fire regimes over the 
subsequent two years, have been investigated, and showed differences in the number and total 
volumes of structures occupied by the different trophic groups related to the fire regime (Chapter 
4). This hypothesis is discussed further in that chapter. Further discussion of the turnover of 
termite structures is postponed until the results of that study are known. 
Causes of termite distribution and abundance 
A major result of the present study was the identification of vegetation as an important 
influence on termite distribution and abundance, especially when termite species were grouped 
by their primary food source. The utility of grouping termites in this way suggests that the 
abundance of food may exert considerable control over termite distribution and abundance. The 
observations that the total volumes of structures occupied by harvesters and foragers was 
associated with % cover and biomass of perennial, herbaceous monocots supports this 
hypothesis. However, food and vegetation do not account for most of the variation in distribution 
and abundance of termite structures: about 50% of the variance remains unaccounted for. The 
percentage variance which cannot be accounted for is thus lower than in other studies (Mathot 
1967; Ferrar 1982b; Benzie 1986), but still high enough to be considered characteristic of termite 
populations generally (see discussion of distributions above). 
The observations of the present study are in general accordance with the results of other 
studies. A decrease in abundance of grass eating termites and increase in abundance of 
species feeding on wood and woody litter has been frequently observed with the transition from 
grassland to more heavily wooded vegetation (Bodot 1967b; Goffinet 1976; Abensperg-Traun & 
De Boer 1990). Likewise, abundances of harvester and forager termites have been associated 
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with abundance of perennial grasses (Holt et al. 1980; Holt & Coventry 1988) . Other studies 
have implicated various combinations of soil , vegetation and potential food sources in controlling 
termite distribution and abundance, but with differing chains of causation. Some authors 
considered that soil characteristics influence termites directly (eg Kooyman & Onck 1987a, b). 
Some authors considered that vegetation influences termites (eg Lacher et al. 1986). Some 
authors considered that food influences termites ( eg Benzie 1986). Some authors considered 
that a combination of all three influences termites (eg Spain et al. 1983). However, in most of the 
studies cited above it was difficult to separate the effects of soils, vegetation and food. 
The problem of separating the influences of soils, vegetation and food availability is that all 
three are usually associated with each other in some way. Although they may not be perfectly 
correlated, the intercorrelations may be sufficiently close that it is logically and mathematically or 
statistically impossible to decide between them ( Draper & Smith 1981 ; Zar 1984). Because of 
this problem it may not be possible to positively identify differences between the influences of 
soils , vegetation and food through studies of distribution alone. Also needed will be very detailed 
studies of the processes of colony foundation, colony growth, feeding activity, construction 
activity and building materials used by termites, all related to soils , vegetation and food. 
In the present study the problem of intercorrelation between environmental variables was 
avoided by excluding correlated variables from analyses. For example, mass of litter was not 
included in analyses because it was closely related to vegetation type and biomass of perennial , 
herbaceous monocots. Likewise% abundance and biomass of annual herbaceous monocots 
were excluded because they were negatively correlated with the equivalent measures of 
perennial , herbaceous monocots. Hence the termites may be responding to one or more of the 
other variables , and the statistical relationship with perennial , herbaceous monocots be merely 
incidental. However, this seems unlikely as perennial , herbaceous monocots are consumed 
preferentially by termites (Chapter 5) . 
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For the purpose of describing termite distribution and abundance, the problem of causation 
is not necessarily important, provided that all the possible causes are always correlated with one 
another. If this is so, the variable which is most easily measured may be the most useful. 
Vegetation type may thus be the best variable to describe termite distribution and abundance. 
Vegetation is easily measured visually on a large scale (eg Schodde et al. 1986). It is less prone 
to small scale variability than soils or potential food source and does not require coring, digging 
or destructive sampling to measure. 
It is not surprising that the distribution of individual termite species are not correlated with 
the distribution of individual species of plants. The distributions of both taxa were very sporadic. 
There are also many more plant species than termite species, making it unlikely that any one 
termite species is totally dependent on one plant species alone. 
Dynamics underlying termite distributions 
The differences in termite distribution and abundance may have resulted from a number of 
mechanisms. For example, differences in the mean volume of the mounds of harvester and 
forager species among vegetation types may have arisen from differences in the rates at which 
mounds become unoccupied, resulting in older, larger mounds where the rate is lower, provided 
the growth rate is the same. Equally, the differences in mean volume may have arisen from 
differences in the growth rates of mounds, resulting in mounds of the same age being larger in 
some vegetation types. More mounds may have grown or all mounds may have grown faster. 
Conversely, fewer mounds may have shrunk or the same number of mounds shrunk less. It is 
-
possible that any combination of these processes may be involved. Differences in the number of 
mounds and total volume within mounds may similarly be the result of several different 
processes. 
To determine which of the possible mechanisms is causing the observed relationships 
requires data on mound growth and occupation over a number of years. Such data has been 
collected for 21 of the sites over the two years subsequent to the present study , but is presented 
I I 
elsewhere (Chapter 4). The dynamics of mounds is discussed further in that chapter. For the 
description of distribution it is sufficient to merely consider the net result of all the dynamic 
processes on the number of occupied structures at a site. 
Conclusion 
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Generalizations about distribution, abundance and size of termite structures are difficult for 
all but the most frequently occurring species and much remains to be learned. However when 
termite species are grouped according to their primary food source, clear patterns become 
apparent. The distribution of potential food sources is the most plausible explanation for these 
patterns. 
Food sources tend to be intercorrelated with soils and vegetation type. These 
intercorrelations make unequivocal separation of the effects of these factors difficult. On the 
other hand this intercorrelation also means that predictions can be more easily made: vegetation 
type, being the most easily measured of the three variables, may be the simplest parameter to 
use in predicting the distribution, abundance and size of termite structures. Because the size of 
termite populations and the rates of many of their activities are correlated with the size of their 
structures, the relationships proposed in the present chapter may allow prediction of the 
magnitude of interactions between termites and the rest of the ecosystem across the local region . 
This prospect will be investigated in another chapter (Chapter 10) . 
Table 1. Total abundance and volume of termite structures over 36 sites In 3 vegetation types. 
Species no. of sites at which found no. of constructions mean vol. per construction total vol. of constructions principal food (max.= 12) (ha-1) (L) (L ha-1) 
grassl. wood!. open for. grassl. woodl. open for. grassland woodland open forest grassland woodland open forest 
Mastotermes darwiniensis 2 0 0 1.3 0.0 0.0 55.53 - - 74.04 - - sound wood 
Coptotermes acinaciformis 1 1 12 0 .3 0.3 17.8 0.05 0.13 179.28 0.02 0.04 2406.33 -xylophages 
Heterotermes vagus 0 0 2 0.0 0.0 1.3 - - 3.51 - - 2.34 
Heterotermes paradoxus 1 0 0 0.3 0 .0 0.0 5.00 - - 1.70 
Microcerotermes boreus 1 3 11 5.7 3.0 43 .0 1.71 46.80 11.57 9.67 140.41 497.48 
Microcerotermes nervosus 7 9 12 13.0 8.3 37.3 12.16 18.24 3.85 158.10 152.00 143.67 
Microcerotermes serratus 8 5 3 8.7 14.7 1.7 20.13 2.22 46.57 174.46 32.53 77.62 
Microcerotermes nanus 5 1 1 1.7 0.3 0.3 59.99 83.06 0.00 99.99 27.69 0.00 
Schedorhinotermes actuosus 0 3 2 0.0 1.3 1.7 - 94.84 6.67 - 123.41 11 .13 dead wood & 
Schedorhinotermes breinlii 0 2 1 0.0 0.7 0.3 - 20.64 22.39 - 13.76 7.46 woody litter 
Termes sp. A 8 12 12 11 .3 24.3 51 .3 24 .41 17.63 11 .85 276.59 429.10 608.28 
Termes froggaNi 1 4 6 0.3 1.3 5.3 2.94 24.73 27.97 0.98 32.98 149.15 
Termes orbus 0 0 1 0.0 0.0 0.3 - - 2.81 - - 0.94 
Termes quadratus 2 5 2 0.7 2.3 1.3 95.88 97.79 9.27 63.92 228.19 12.35 
Termes sunteri 1 3 4 1.3 4.0 3.0 3.82 15.99 45.89 4.96 63.96 137.67 
Termes sp. 8 1 0 0 0.3 0.0 0.0 2.05 - - 0.68 
Termessp . C 4 2 0 2.0 1.3 0.0 13.19 289.80 - 26.38 376.84 
Occu/titermes occultus 0 1 1 0.0 0.3 0.3 - 9.18 293.77 - 3.06 97.92 
Amitermes sp. A 5 9 8 12.0 42.3 26.7 138.23 78.34 7.45 1658.81 3316.37 198.56 non-woody Amitermes sp. C 4 5 3 I 1.7 2.0 1.3 101 .25 81.72 157.69 168.75 163.44 210.25 litter-foragers Amitermes sp. D 1 0 2 1.3 0.0 2.7 58 .28 - 52.55 75.76 - 140.13 Amitermes sp. E 2 0 4 0.7 0.0 7.7 16.56 - 9.42 11 .04 - 72.21 Amitermes sp. F 1 1 0 0.3 0.3 0.0 5.77 310.86 - 1.92 103.62 Amitermes sp. G 2 2 1 1.3 2.3 1.3 202.16 166.98 19.49 269.55 389.61 25.34 Amitermes sp. H 1 0 0 0.3 0.0 0.0 49.48 - - 16.49 Nasutitermes eucalypti 1 0 1 0.7 0.0 0.3 130.29 - 8.25 86.86 - 2.75 Nasutitermes sp. A 3 0 6 1.3 0.0 7.7 39.59 - 142.10 51 .47 - 1089.41 Nasutitermes sp. 8 0 0 1 0.0 0.0 1.3 - - 3.07 - - 3.99 Nasutitermes sp. C 0 0 1 0.0 0.0 1.3 - - 10.82 - - 14.07 Nasutitermes longipennis 0 1 1 0.0 0.3 0.7 - 29.30 177.32 - 9.77 118.21 Nasutitermes sp. D 1 0 1 0.3 0.0 0.3 80.55 - 1.56 26.85 - 0.52 
Amitermes laurensis 10 5 5 27.0 11 .0 10.7 138.89 97.09 8.00 3750.15 1067.96 85.30 standing grass Amitermes meridionalis 0 1 0 0.0 0.3 0.0 - 213.88 -
- 71 .29 - -harvesters Drepanotermes septentrionalis 0 0 4 0.0 0.0 2.7 - - 35.33 - - 94.23 Tumulitermes sp. A 4 6 5 15.3 31 .7 11.3 161 .77 64.44 15.86 2480.54 2039.56 179.76 w Tumulitermes pastinator 2 5 4 21 .0 17.3 3.7 107.74 32.43 21.12 2263.48 562.15 77.46 I\) Tumulitermes comatus 0 1 0 0.0 0.3 0.0 - 6.43 - - 2.14 
I 
L 
Table 2. Environmental factors used and not used in regressions with parameters of 
termite structures. 
Factors tested: 
Factor 
% cover perennial, herbaceous monocots 
June biomass perennial, herbaceous monocots 
vegetation type 
total soil mineral N 
soil moisture 
Factors not tested: 
Factor correlated with 
Reference 
Chapter 5 
Chapter 5 
this Chapter 
Appendix 1 
Appendix 1 
% cover annual monocots % cover perennial , herbaceous monocots 
June biomass annual monocots June biomass perennial , herbaceous monocots 
June litter biomass vegetation type 
redness in sub-soil colour vegetation type 
darkness of sub-soil colour vegetation type 
soil texture vegetation type 
0.947 
0.324 
0.833 
* - Log-linear model : x2 statistic quoted and used for testing significance. 
df F 
1,34 625 .8 
1,8 5.32 
2,7 23.41 
2· 10.32* 
2· 18.27* 
2· 7.19* 
33 
p 
<0.001 
0.05 
<0.00 1 
0.006 
<0.00 1 
0.027 
34 
Table 3. Statistical summary of differences in termite structures between vegetation types. 
Characteristic Group of structures F df Prob. Transformation Figure 
location relative to trees/occupied or not 
number all 17.40 2,22 <0.001 2 
number all located away from trees 7.67 2,22 0.003 2 
number all located next to trees 14.53 2,22 <0.001 2 
volume all 0.27 2,22 0.767 3 
volume all located away from trees 6.16 2,22 0.008 3 
volume all located next to trees 4.27 2,22 0.028 3 
number all occupied 10.97 2,22 <0.001 6 
number all unoccupied 14.46 2,22 <0.001 6 
number occupied away from trees 4.53 2,22 0.023 6 
number occupied next to trees 12.43 2,22 <0.001 6 
number unoccupied away from trees 8.73 2,22 0.002 6 
number unoccupied next to trees 9.79 2,22 <0.001 6 
volume all occupied 0.54 2,22 0.591 7 
volume all unoccupied 3.25 2,22 0.058 7 
volume occupied away from trees 6.33 2,22 0.007 7 
volume occupied next to trees 3.48 2,21 0.048 7 
volume unoccupied away from trees 0.43 2,22 0.654 7 
volume unoccupied next to trees 3.43 2,19 0.054 7 
harvesters and foragers 
pres.labs. Tumulitermes pastinator 2.89 2,22 0.077 logistic 14 
pres.labs. Tumulitermes sp. A 1.92 2,22 0.170 logistic 14 
pres.labs. Amitermes laurensis 0.00 2,22 0.998 logistic 14 
pres.labs. Amitermes sp. A 0.94 2,22 0.406 logistic 14 
number Tumulitermes pastinator 0.34 2,27 0.723 In no (no> 0) 15 
number Tumulitermes sp. A 0.44 2,12 0.654 In no (no> 0) 15 
number Amitermes laurensis 0.14 2,17 0.870 In no (no> 0) 15 
number all harvesters 1.80 2,22 0.189 In (no + 1) 12 
number Amitermes sp.A 6.18 2,19 0.024 In no (no> 0) 15 
number all foragers 3.70 2,22 0.041 In (no + 1) 15 
number all harvesters & foragers 1.59 2,22 0.227 In (no + 1) 15 
mean vol. Tumulitermes pastinator 16.66 2,7 0.002 16 
mean vol. Tumulitermes sp.A 10.43 2,12 -0.002 16 
mean vol. Amitermes laurensis 7.61 2,17 0.004 16 
mean vol. Amitermes sp. A 15.67 2,19 <0.001 16 
volume Tumulitermes pastinator 0.70 2,27 0.528 In no (no> 0) 17 
volume Tumulitermes sp. 4.84 2,12 0.029 In no (no> 0) 17 
volume Amitermes laurensis 32.37 2,17 <0.001 In no (no> 0) 17 
volume all harvesters 10.48 2,22 <0.001 In (no + 1) 17 
volume Amitermes sp. A 23.48 2,19 <0.001 In no (no> 0) 17 
volume all foragers 1.18 2,22 0.326 In (no + 1) 17 
volume all harvesters & foragers 4.43 2,22 0.024 In (no + 1) 17 
I 
L 
woody litter feeders 
pres.labs. Schedorhinotermes actuosus 0 .81 
pres.labs. Termessp. A 10.62 
pres.labs. Termes froggatti 2.35 
pres.labs. Termes quadratus 1.15 
number Schedorhinotermes actuosus 1 . 08 
number Termessp. A 11.05 
number Termes froggatti 3.91 
number Termes quadratus 1.41 
number all woody-litter feeders 12.12 
mean vol. Schedorhinotermes actuosus 8. 63 
mean vol. Termessp. A 0.90 
mean vol. Termes f roggatti 1.54 
mean vol. Termes quadratus 1.10 
volume Schedorhinotermes actuosus 1 .82 
volume Termessp . A 1.19 
volume Termes froggatti 2.26 
volume Termes quadratus 0.99 
volume all woody-litter feeders 3.05 
wood eaters 
pres.labs. Coptotermes acinaciformis 41.13 
pres.labs. Microcerotermes boreus 13.09 
pres.labs. Microcerotermes nervosus 4.61 
pres.labs. Microcerotermes serratus 1.61 
number Coptotermes acinaciformis 99.95 
number Microcerotermes boreus 20.97 
number Microcerotermes nervosus 9.88 
number Microcerotermes serratus 3.25 
number all wood eaters 17.10 
mean vol. Coptotermes acinaciformis 8.97 
mean vol. Microcerotermes boreus 0.74 
mean vol. Microcerotermes nervosus 1.01 
mean vol. Microcerotermes serratus 6.99 
volume Coptotermes acinaciformis 30.16 
volume Microcerotermes boreus 3.90 
volume Microcerotermes nervosus 0.00 
volume Microcerotermes serratus 1.39 
volume all wood eaters 21 .61 
35 
2,22 0.458 logistic Table 1 
2,22 <0.001 logistic Table 1 
2,22 0.119 logistic Table 1 
2,22 0.335 logistic Table 1 
1,3 0.375 In no (no> 0) 21 
2,29 <0.001 In no (no> 0) 21 
2,28 0.065 In no (no> 0) 21 
2,26 0.315 In no (no> 0) 21 
2,22 <0.001 In (no+ 1) 21 
1,3 0.061 22 
2,29 0.419 22 
2,8 0.273 22 
2,6 0.392 22 
1,3 0.270 In no (no> 0) 23 
2,29 0.319 In no (no> 0) 23 
2,8 0.167 In no (no> 0) 23 
2,6 0.425 In no (no> 0) 23 
2,22 0.068 In (no+ 1) 23 
2,22 <0.001 logistic Table 1 
2,22 <0.001 logistic Table 1 
2,22 0.021 logistic Table 1 
2,22 0.223 logistic Table 1 
2, 11 <0.001 In no (no> 0) 24 
2,12 <0.001 In no (no> 0) 24 
2,25 <0.001 In no (no> 0) 24 
2,13 0.072 In no (no> 0) 24 
2,22 <0.001 In (no + 1) 24 
2, 11 0.005 25 
2,12 0.498 25 
2,25 0.379 25 
2,13 0.009 25 
2, 11 <0 .001 In no (no> 0) 26 
2,12 0.050 In no (no> 0) 26 
2,25 0.997 In no (no> 0) 26 
2,13 0.283 In no (no> 0) 26 
2,22 <0.001 In (no + 1) 26 
Table 4. Number of species In each feeding category in which number, mean volume or 
total volume of structures was statistically significantly related to vegetation. 
number of structures 
mean volume of structures 
total volume of structures 
harvesters & foragers 
1 
4 
4 
feeding type of termite 
woody-litter-feeders wood-eaters 
1 
0 
0 
5 
2 
2 
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Figure 1. Study sites 
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Figure 2. Effect of vegetation on total number of termite structures. 
Bars represent LSD at P < 0.05. Analysis of variance of these data is presented in Table 3. 
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Figure 3. Effect of vegetation on total volume of termite structures. 
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Bars represent LSD at P < 0.05. Analysis of variance of these data is presented in Table 3. 
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Figure 4. Number of structures occupied by termites of different 
trophic groups located away from and next to trees. 
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Figure 5. Proportion of structures occupied by termites of different 
trophic groups located next to living and dead trees. 
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termite structures located away from and next to trees. 
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Bars represent LSD at P < 0.05. Analysis of variance of these data is presented in Table 3. 
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Figure 7. Effect of vegetation on total volume of occupied and unoccupied 
termite structures located away from and next to trees. 
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Figure 8. Relationship between numbers of occupied and 
unoccupied structures. 
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occupied and unoccupied structures. 
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Figure 1 o. Percentage of structures occupied by termites of different 
trophic groups in 3 vegetation types. 
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Figure 12. Location of the species in the space of the first three 
dimensions identified by metric multidimensional scaling. 
Species clustered close to the origin not shown. 
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Figure 13. Comparison of the positions of the sites classified by number and total volume of termite structures, 
and% cover of grass species in the first two dimensions 
obtained by non-metric multidimensional scaling. 
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UPPER CASE letters refer to sites classified by tennites, 
lower case letters refer to sites classified by % cover of grass species. 
Numbers: 1 - grassland, 2 - woodland, 3 - open forest. 
Letters represent catchments (Figure 1 ). 
For location of sites see Figure 1. 
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Figure 14. Frequency of occurrence of the most abundant species of 
harvester and forager termites. 
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Numbers above columns are number of samples upon which percentages are based. 
Analysis of variance of these data is presented in Table 3. 
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Figure 15. Effect of vegetation on number of termite structures occupied by abundant groups of harvester and forager termites. 
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Bars represent LSD at P < 0.05. Analysis of variance of these data is presented in Table 3. 
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Figure 17. Effect of vegetation on total volume of structures occupied by abundant groups of harvester and forager termites. 
Bars represent LSD at P < 0.05. Analysis of variance of these data is presented in Table 3. 
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Figure 18. Total volume of termite structures and cover of perennial, 
herbaceous monocots. 
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Figure 20. Total volume of termite structures and biomass of 
perennial, herbaceous monocots in June. 
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Figure 21. Effect of vegetation on number of termite structures occupied by abundant groups of woody-litter feeding termites. 
Bars represent LSD at P < 0.05. Analyses of variance of these data are presented in Table 3. 
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Figure 22. Effect of vegetation on mean volume of termite structures occupied by abundant species of woody-litter feeding termites. 
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Figure 23. Effect of vegetation on total volume of termite structures occupied by abundant groups of woody-litter feeding termites. 
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Figure 24. Effect of vegetation on number of termite structures occupied by abundant groups of wood eating termites. 
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Figure 25. Effect of vegetation on mean volume of structures occupied by abundant species of wood eating termites. 
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Figure 26. Effect of vegetation on total volume of structures occupied by abundant groups of wood eating termites. 
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CHAPTER 3 
THE EFFECT OF WATER BUFFALO (BUBALUS BUBALIS) 
ON MOUND-BUILDING HARVESTER AND FORAGER TERMITES (ISOPTERA) 
IN AUSTRALIAN SAVANNA 
Abstract 
66 
The abundances and sizes of mounds built by harvester and forager termites were 
compared between areas with and without feral buffalo in three vegetation types over a large 
area of Kakadu National Park, Northern Territory, Australia. There were more mounds of 
Amitermes sp. apud. vitiosus and all forager termite species where buffalo were present, but 
fewer mounds of harvesters. Total volume of mounds ha-1 occupied by Amitermes sp. apud. 
vitiosus, all forager termites and all harvester and forager termites combined was greater where 
buffalo were present, whereas that occupied by harvester termites was greater where buffalo 
were absent. The ratio of total volumes ha-1 in the vegetation types differed according to buffalo 
presence or absence for Amitermes sp. A, all forager termite species combined and all harvester 
and forager species combined. The proportion of all mounds occupied was larger in the area 
with buffalo. These changes are hypothesized to arise from: use of buffalo dung as food by 
some species of forager termites, particularly A. sp. apud. vitiosus; changes in understorey 
vegetation caused by buffalo; and competition for grass. The changes in termite mounds 
probably reflect changes in termite activities in the ecosystem. 
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Introduction 
There are three reasons for an interest in the interactions between harvester and forager 
termites (lsoptera) and buffalo (Buba/us bubalis L.) in Australia. One reason is potential 
competition for grass and the effect this may have on buffalo production. A second reason is the 
changes which may have occurred in the ecosystem since the introduction of buffalo about 150 
years ago: this is important information for monitoring recovery of the ecosystem after the recent 
reduction in buffalo abundance for disease control (Anonymous 1989). The third reason is that 
changes in the termite community caused by buffalo may provide information on the wider 
ecological role of termites in the ecosystem, a difficult subject to study because termites are 
ubiquitous but cryptic. 
This chapter describes the differences in abundance and size of termite mounds occupied 
by harvester and forager termites between an area long occupied by feral buffalo and another 
area where buffalo numbers have been maintained at very low levels for five years. It is part of a 
larger study into the ecological role of termites in Kakadu National Park, which also includes the 
effects of fire and vegetation on termite distribution (Chapters 2, 4) . The relationship between 
the size of termite mounds and the rates of many termite activities, such as colony reproductive 
output, respiration and consumption have also been determined (Chapters 5, 6, 7). Most 
harvester and forager termites in the area build or occupy mounds (Chapter 2) . 
Materials and methods 
The study was conducted in natural savanna at Kapalga, near the north coast of the 
Northern Territory (12°20' to 45 'S, 132°1 O' to 30' E) . A general description of the region and 
specific description of the study area have been published previously (Chapter 2; Story et al. 
1969) . Within the 700 km2 of Kapalga, square sites of side 50 m were randomly located with in 
grassland, woodland and open forest vegetation within each of 15 management catchments 
( Figure 1). Detailed descriptions of these vegetation types and all the sites sampled in 1987 
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have been presented previously (Chapter 2, Appendix 1 ). The data from these sites has also 
been used to assess the effect of vegetation on the structures of termites from all trophic groups, 
not just harvesters and foragers (Chapter 2) . 
Briefly, grassland is in shallow valleys near small seeps where water is present over most of 
the dry season. Vegetation is very open with scattered Pandanus spiralis R.Br., Syzygium 
suborbiculare (Benth.) Hartley & Perry, Xanthostemon paradoxus F. Muell. and Melaleuca spp., 
over mostly low perennial grasses. Woodland is in slight depressions where soil drainage is 
impeded but surface water is not normally present. Vegetation is more dense than at the 
grassland site but still open, consisting mostly of Melaleuca nervosa (Lindley) Cheel over low 
annual grasses. Open forest is level, well drained and covered by a low open forest of 
Eucalyptus miniata Cunn. ex Schauer and Eucalyptus tetrodonta F. Muell.. The understorey 
consists of tall grasses such as Sorghum stipoideum (Ewart & J.W. White) C. Gardener & C.E. 
Hubb. and Heteropogon triticeus (A.Br.) Stapf .. 
Two of the catchments were in the northern part of Kapalga, where buffalo have grazed 
freely for about 100 years (Figure 1). When buffalo were mustered after this study, from 1987 to 
1989, about 4000 head were counted. These two catchments were surveyed in 1986. The other 
13 catchments were in the southern part of Kapalga which was fenced in 1982 (Figure 1 ). Since 
fencing buffalo numbers have been kept very low, estimated at between five and 50 head. One 
of these catchments was sampled in 1986 and the rest in 1987. 
At each site all free standing termite structures were located, their size measured and the 
species inside identified. Details of the methods have been presented elsewhere (Chapter 2). 
Briefly, sites were searched by two observers twice traversing the site in strips of 5 m. In 1987 all 
termite mounds were sampled but in 1986 only mounds likely to be occupied by harvesters or 
foragers were sampled. Unfortunately it was not possible to tell with certainty the species 
formerly occupying abandoned mounds, so occupation rates for individual species could not be 
determined. 
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Estimates of mound volume were made using the methods presented previously (Chapter 
2). Termites were collected from each mound by breaking open the mound, then fixed 
immediately in 70% alcohol. Species were identified with the help of Dr J.A.L. Watson and Mr 
L.R. Miller, CSIRO, Division of Entomology, and published accounts (Hill 1942; Watson & Perry 
1981 ). Species were divided into four exclusive trophic groups according to the classification of 
Chapter 2 or, for species not listed therein, according to Hill (1942). Species designations are 
the same as in other chapters (Chapter 2, 4). 
All statistical analyses were conducted using Genstat 5.21 (Payne et al. 1987). Most 
analyses were by linear regression because the design was unbalanced. Rates of occupation 
were analyzed by logistic regression using an analogous error model. Only species occurring in 
more than 50 mounds were analyzed separately. In addition to the standard facilities of Genstat, 
plots of residuals versus fitted values were examined to detect outliers and heteroscedasticity 
(Zar 1984; Lane et al. 1987; Payne et al. 1987). Heteroscedasticity was corrected by applying an 
appropriate transformation, as indicated with the results (Table 5) . The logical and statistical 
basis of the inferences drawn from the data are discussed in Appendix 6. 
Results 
Data from the sites sampled in 1987 has been presented elsewhere (Chapter 2) . On the 
sites sampled in 1986, twenty species of termites were collected from 322 mounds, 273 of them 
occupied (Table 1 ). Amitermes sp. apud. vitiosus was the only species found in 1986 and not in 
1987. Apart from Amitermes sp. apud. vitiosus and all forager termite species combined , there 
were no statistically significant differences in abundance between the sites sampled in 1986 and 
1987 (Table 5). Mounds of A. sp. apud. vitiosus were by far the most abundant of the foragers 
on the sites sampled in 1986. 
Species occurrence was sporadic: no species occurred at all sites of one vegetation type 
(Table 1 ). Only Amitermes laurensis (Mjoberg) , Amitermes sp. A and Tumulitermes sp. A 
occurred at more than half of the sites of any vegetation type , and Amitermes sp. apud. vitiosus 
occurred at most sites where buffalo were present (Table 1 ). Number, mean and total volumes 
of mounci.3 per site are presented in Tables 2, 3 and 4, with details of statist ical analyses 
presented in Table 5. The plots of residuals versus fitted values showed that the residuals for 
the samples from 1986 and the area with buffalo were with in the range of the residuals from 
1987 and the area without buffalo . That is , there was no evidence that the assumptions of the 
analyses were violated (Appendix 6}, with the implication that all data was comparable . 
A higher proportion of mounds was occupied in the area with buffalo (Figure 2}. The 
proportion of structures occupied also increased from open forest to woodland to grassland 
(Figure 2}. 
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There were more structures of all forager species combined (both including and excluding 
Amitermes sp. apud. vitiosus}, and fewer structures of all harvester species combined in the area 
with buffalo (Table 5, Figure 3}. The same trends were also apparent in all the other abundant 
species in both trophic groups, but the differences were not statistically significant (Figure 3} . 
There was no difference in the total number of mounds (Figure 3} . 
Mean volume of mounds was not significantly different for any of the abundant species in 
the area with buffalo (Figure 4} . 
The total volume of mounds ha-1 occupied by harvesters was significantly smaller in the 
area with buffalo (Figure 5). The opposite occurred in A. sp. apud. vitiosus, all forager species 
combined (including or excluding Amitermes sp. apud. vitiosu_s), and all harvester and forager 
species (Figure 6). The presence of buffalo modified the relative total volumes of structures ha-1 
in the different vegetation types in Amitermes sp. A., all forager species combined and all 
harvester and forager species combined (Figure 6). In all except Amitermes sp. A., the volume 
was relatively larger in grassland with buffalo than without buffalo (Figure 7). In Amitermes sp. 
A., the opposite occurred (Figure 7). 
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Discussion 
The conclusions drawn from this study are reliant on two assumptions. The first is that the 
variance among sites is the same in both years, in both areas with buffalo and areas without , and 
in all three vegetation types. The number of replicates in 1986 and the area with buffalo are 
insufficient to test this assumption statistically, however, even with many replicates, only large 
deviations from homogeneous variances are detectable {Zar 1984). 
While there is no conclusive, positive evidence that the variances are homogeneous, 
neither is there any particular reason to believe, a priori, that they should be different. The 
geographic spread of sites was similar in both years and buffalo treatments. The sites were 
chosen on the same vegetation criteria, were the same dimensions and sampled by the same 
people at the same time of year. Similarly, the a posteriori examination of residuals gives no 
reason to believe the variances may be different. In any case, categorical regression, as used 
here, is not very sensitive to small deviations from this assumption {Zar 1984). More replicates in 
all the treatment combinations would minimize the chances of extraneous factors causing 
differences between the levels of a treatment . However, constraints of time and logistics 
prevented any more sampling in this study. 
The other assumption necessary to the conclusions of this study is that the sites were truly 
replicates . That is, the sites differed from each other only randomly apart from the effects of 
vegetation, year and the presence of buffalo, with no confounding, unmeasured factors . An 
example of such a factor would be if precipitation differed from north to south, so that the sites 
with buffalo were affected by precipitation more than those without because of their geographic 
position. There is only a small difference in precipitation from north to south at Kapalga {D.P. 
Murphy, Manager Kapalga Research Station , pers. comm.), so this is unlikely to be causing the 
substantial differences observed between the areas with and without buffalo. Likewise, the sites 
were deliberately chosen so that the geology and vegetation were as similar as possible . Hence, 
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although rt can never be certain that there are no extraneous factors in a field study such as this , 
the chance of them influencing the results was minimized as far as possible. 
Subject to the assumptions discussed above, the present study shows that buffalo may 
have a substantial effect on mound-building termites, with both harvesters and foragers showing 
fairly consistent, but opposite, responses. Mounds of foragers were less abundant and smaller in 
total volume without buffalo, and mounds of harvesters were more abundant and larger in total 
volume. Also a higher percentage of mounds were occupied in the area with buffalo. The 
differences in foragers, harvesters and occupation rates may, however, have different causes. 
Higher rates of occupation in the area with buffalo may be associated with faster 
disappearance of abandoned mounds due to increased rates of erosion associated with buffalo 
rubbing or trampling. There may also be an increased rate of termite colony foundation in the 
area with buffalo. More colonies may be founded on bare patches of earth created by buffalo 
disturbance, as has been proposed for increased numbers of mounds in heavily grazed areas of 
South Africa (Hartwig 1955). In most other reports of changes in mound occupation rates as a 
result of grazing (eg Wood & Lee 1971), large scale clearing has also been involved, and in most 
cases has proven the factor responsible (Sands 1965b; Wood 1975; Ohiagu 1979a). 
The increase in forager termites with buffalo may be associated with the use of dung as 
food by some or all species of foragers. This hypothesis is supported by the observation that 
Amitermes vitiosus (Hill), a species morphologically very similar to that presently designated 
Amitermes sp. apud. vitiosus (the species which increased most in the area with buffalo) is 
known to consume cattle dung (Ferrar & Watson 1970; Holt & Coventry 1988) . The greatest 
differences between the areas with and without buffalo occurred in grassland, where buffalo (and 
their dung) are most abundant (Tulloch & Cellier 1986). Buffalo may also increase food for 
foragers in the form of trampled and broken vegetation. 
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The decrease in harvesters with buffalo may be caused by a number of mechanisms. 
Competition for food is possible. The distributions of harvester and forager termites are related 
to the abundance of perennial , herbaceous monocots, their probable main food (Chapters 2, 5). 
Perennial grasses are also an important food for buffalo and cattle (Tulloch & Cellier 1986; 
Gardener et al. 1990; Mcivor & Gardener 1990), and so competition may occur. Direct 
competition is thought unlikely by some authors (Lepage 1981 b) or likely only during drought by 
others (Watson & Gay 1970 ; Watson et al. 1973). However, the dry season is eff actively a 
drought. 
Another possible mechanism by which buffalo may have affected harvester termites is 
through changes in vegetation. Through disturbance, buffalo increased the abundance of 
dicotyledonous weeds such as Cassia spp. and Hyptis suaveolens (L.) Poit. (P.A. Werner, 
CSIRO Division of Wildlife & Ecology, pers. comm.). Harvester termites may not consume these 
plants , resulting in a reduction in food for the termites. The weeds may also increase the amount 
of shade on the ground: unshaded ground is_ necessary for colony establishment in some species 
of harvester termites (Sands 1965a). 
The substantial impact of buffalo on termites is in contrast to studies from Africa which have 
found no impact of grazing on termites (Ohiagu 1979a). Australia is different from Africa in at 
least two ways that may explain the contrast. One is that Australia lacks Macrotermitinae which 
are very abundant in Africa and Asia (Gay & Calaby 1970). This subfamily of termites have a 
particularly wide range of potential food sources because they use fungus gardens to process 
food . Hence if , in Africa, grazers consume most of the grass , a wider range of alternative food 
sources may be used than by the harvester termites of Australia. 
The other way that Australia is different from Africa is that Australia lacks native , terrestrial, 
eutherian herbivores (Ruess 1987) . Grazing marsupials are also uncommon in savanna (Calaby 
1980; Mott et al. 1981) . Hence insects in general , and termites in particu lar, may have 
consumed most primary production before the introduction of buffalo and cattle (Calaby 1980; 
Mott et al. 1981). 
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Table 1. Occurrence of mounds occupied by harvester and forager termites at Kapalga, 
Kakadu National Park, Northern Territory. 
Species no. of sites at which found 
1987 survey (Chapter 2) 1986 survey 
without buffalo without buffalo with buffalo 
(N = 12) (N = 1) (N = 2) 
grass! . woodl. open for. grassl. woodl. open for. grassl. woodl. open for. 
Amitermes sp. apud. vitiosus 0 0 0 1 1 0 2 2 1 
Amitermes sp. A 5 9 8 0 1 1 1 1 2 
Amitermes sp. C 4 5 3 1 1 1 1 1 2 
Amitermes sp. D 1 0 2 0 0 0 0 0 2 
Amitermes sp. E 2 0 4 0 1 1 0 0 1 
Amitermes sp. F 1 1 0 0 1 1 0 0 2 
Amitermes sp . G 2 2 1 0 1 1 0 1 0 
Amitermes sp. H 1 0 0 0 0 0 0 0 0 
Nasutitermes eucalypti 1 0 1 0 1 1 0 1 0 
Nasutitermes sp. A 3 0 6 0 0 1 0 0 2 
Nasutitermes sp. B 0 0 1 0 0 0 0 0 2 
Nasutitermes sp. C 0 0 1 0 0 1 0 0 1 
Nasutitermes Jongipennis 0 1 1 0 1 0 0 0 2 
Nasutitermes sp. D 1 0 1 0 1 0 0 0 0 
Amitermes /aurensis 10 5 5 0 1 1 0 1 2 
Amitermes meridiona/is 0 1 0 0 0 1 0 0 0 
Drepanotermes septentriona/is 0 0 4 0 0 1 0 0 0 
Tumulitermes sp. A 4 6 5 0 1 1 1 0 2 
Tumulitermes pastinator 2 5 4 0 1 1 0 0 2 
Tumulitermes comatus 0 1 0 0 0 0 0 1 0 
Table 2. Abundance of mounds occupied by harvester and forager termites at Kapalga, 
Kakadu National Park, Northern Territory. 
Species no. of mounds ha-1 
1987 survey (Chapter 2) 1986 survey 
without buffalo without buffalo with buffalo 
grassl . woodl. open for. grassl. woodl. open for. grassl. woodl. open for. 
Amitermes sp. apud . vitiosus 0.0 0.0 0.0 60.0 4.0 0.0 102.0 20.0 2.0 
Amitermes sp. A 12.0 42 .3 26.7 0.0 72.0 80.0 2.0 24 .0 78.0 
Amitermes sp. C 1.7 2.0 1.3 4.0 4.0 4.0 2.0 6.0 16.0 
Amitermes sp. D 1.3 0.0 2.7 0.0 0.0 0.0 0.0 0.0 6.0 
Amitermes sp . E 0.7 0.0 7.7 0.0 4.0 4.0 0.0 0.0 4.0 
Amitermes sp. F 0.3 0.3 0.0 0.0 4.0 4.0 0.0 0.0 2.0 
Amitermes sp . G 1.3 2.3 1.3 0.0 8.0 4.0 0.0 2.0 0.0 
Amitermes sp . H 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Nasutitermes eucalypti 0.7 0.0 0.3 0.0 4.0 4.0 0.0 4.0 0.0 
Nasutitermes sp. A 1.3 0.0 7.7 0.0 0.0 4.0 0.0 0.0 10.0 
Nasutitermes sp. B 0.0 0.0 1.3 0.0 0.0 0.0 0.0 0.0 4.0 
Nasutitermes sp. C 0.0 0.0 1.3 0.0 0.0 4.0 0.0 0.0 2.0 
Nasutitermes /ongipennis 0.0 0.3 0.7 0.0 4.0 0.0 0.0 0.0 2.0 
Nasutitermes sp. D 0.3 0.0 0.3 0.0 4.0 0.0 0.0 0.0 0.0 
Amitermes /aurensis 27.0 11 .0 10.7 0.0 12.0 40.0 0.0 2.0 8.0 
Amitermes meridionalis 0.0 0.3 0.0 0.0 0.0 4.0 0.0 0.0 0.0 
Drepanotermes septentrionalis 0.0 0.0 2.7 0.0 0.0 4.0 0.0 0.0 0.0 
Tumulitermes sp. A 15.3 31.7 11.3 0.0 32.0 24.0 2.0 0.0 6.0 
Tumulitermes pastinator 21 .0 17.3 3.7 0.0 12.0 14.0 0.0 0.0 6.0 
Tumulitermes comatus 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.3 0.0 
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Table 3. Mean volume of mounds occupied by harvester and forager termites at Kapalga, 
Kakadu National Park, Northern Territory. 
Species Mean volume (L ha-1) 
1987 survey (Chapter 2) 1986 survey 
without buffalo without buffalo with buffalo 
grassl. woodl. open for. grassl. woodl. open for. grassl. woodl. open for. 
Amitermes sp. apud. vitiosus 285 86 509 99 19 
Amitermes sp. A 138 78 7 77 8 112 84 106 
Amitermes sp . C 101 81 158 170 770 149 190 120 195 
Amitermes sp . D 58 53 61 
Amitermes sp. E 17 9 0 20 104 0 0 35 
Amitermes sp . F 8 311 0 0 1 28 0 0 38 
Amitermes sp . G 202 167 19 0 17 25 0 17 0 
Amitermes sp . H 49 0 0 0 0 0 0 0 0 
Nasutitermes eucalypti 130 0 8 0 10 3 0 25 0 
Nasutitermes sp. A 40 0 142 0 0 97 0 0 123 
Nasutitermes sp. 8 0 0 3 0 0 0 0 0 3 
Nasutitermes sp. C 0 0 11 0 0 11 0 0 8 
Nasutitermes /ongipennis 0 29 177 0 50 0 0 0 82 
Nasutitermes sp. D 81 0 2 0 60 0 0 0 0 
Amitermes laurensis 139 97 8 0 120 11 0 80 2 
Amitermes meridionalis 0 214 0 0 0 201 0 0 0 
Drepanotermes septentrionalis 0 0 35 0 0 1 0 0 0 
Tumulitermes sp . A 162 64 16 0 138 4 120 0 27 
Tumulitermes pastinator 108 32 21 0 85 12 0 0 43 
Tumulitermes comatus 0 6 0 0 0 0 0 80 0 
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Table 4. Total volume of mounds occupied by harvester and forager termites at Kapalga, 
Kakadu National Park, Northern Territory. 
Species total volume of mounds m3 ha· 1 
1987 survey (Chapter 2) 1986 survey 
without buffalo without buffalo with buffalo 
grassl. woodl. open for. grassl. woodl. open for. grass!. woodl. open for. 
Amitermes sp. apud. vitiosus 0.000 0.000 0.000 17.120 0.344 0.000 51.267 2.209 0.384 
Amitermes sp. A 1.659 3.316 0.199 0.000 5.530 0.672 0.228 2.835 1.075 
Amitermes sp. C 0.169 0.163 0.210 0.681 3.084 0.596 0.383 0.712 3.422 
Amitermes sp. D 0.076 0.000 0.140 0.000 0.000 0.000 0.000 0 .. 000 0.348 
Amitermes sp. E 0.011 0.000 0.072 0.000 0.076 0.389 0.000 0.000 0.322 
Amitermes sp. F 0.002 0.104 0.000 0.000 0.004 0.112 0.000 0.000 0.218 
Amitermes sp. G 0.270 0.390 0.025 0.000 0.134 0.101 0.000 0.340 0.000 
Amitermes sp. H 0.016 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Nasutitermes eucalypti 0.087 0.000 0.003 0.000 0.089 0.024 0.000 0.108 0.000 
Nasutitermes sp. A 0.051 0.000 1.089 0.000 0.000 0.488 0.000 0.000 1.276 
Nasutitermes sp. B 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.012 
Nasutitermes sp. C 0.000 0.000 0.014 0.000 0.000 0.044 0.000 0.000 0.016 
Nasutitermes /ongipennis 0.000 0.010 0.118 0.000 0.196 0.000 0.000 0.000 0.308 
Nasutitermes sp. D 0.027 0.000 0.001 0.000 0.018 0.000 0.000 0.000 0.000 
Amitermes laurensis 3.750 1.068 0.085 0.000 0.967 0.428 0.000 0.176 0.219 
Amitermes meridionalis 0.000 0.071 0.000 0.000 0.000 0.804 0.000 0.000 0.000 
Drepanotermes septentrionalis 0.000 0.000 0.094 0.000 0.000 0.004 0.000 0.000 0.000 
Tumulitermes sp . A 2.481 2.040 0.180 0.000 4.410 0.094 0.242 0.000 0.218 
Tumulitermes pastinator 2.263 0.562 0.077 0.000 2.077 0.387 0.000 0.1 63 0.126 
Tumulitermes comatus 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.167 0.000 
Table s. Statistical summary of differences in termite structures between areas with and without buffalo. 
Charac-
teristic 
number 
number 
number 
number 
Group of structures 
Tumulitermes pastinator 
Tumulitermes sp. A 
Amitermes laurensis 
all harvesters 
Buffalo 
F* Prob. 
0.32 0.574 
0.85 0.364 
1.62 0.212 
5.11 0.030 
number Amitermes sp. apud. vitiosus1036.59 <0.001 
number Amitermes sp. A 0.01 0.915 
number all foragers 5.89 0.020 
number all foragers (except A. vitiosus) 0.04 0.843 
number all harvesters and foragers 0.55 0.465 
number all h. & f . (except A. vitiosus) 0.01 0.921 
mean vol. Tumulitermes pastinator 0.01 ° 0.926 
mean vol. Tumulitermes sp. A 0.30 1 0.392 
mean vol. Amitermes laurensis 1.41 3 0.250 
mean vol. Amitermes sp. apud. vitiosus 0.95 5 0.432 
mean vol. Amitermes sp. A 0.01 7 0.912 
total vol. Tumulitermes pastinator 0.18 0.670 
total vol. Tumulitermes sp. A 1.08 0.305 
total vol. Amitermes laurensis 2.55 0.119 
I 
total vol. all harvesters 6.58 0.015 
total vol. Amitermes sp. apud. vitiosu~312 .84 <0.001 
total vol. Amitermes sp. A 
total vol. all foragers 
total vol. all for. ( except A. vitiosus) 
total vol. all harvesters and foragers 
total vol. a II h. & f. ( except A. vitiosus) 
• - df = 1,36 
(unless otherwise indicated) 
•• - df = 2 36 
' (unless otherwise indicated) 
0.06 0.805 
33.57 <0 .001 
2.01 0.165 
15.75 <0.001 
4.21 0.041 
o - df = 1,8 
1 - df = 1, 13 
2 - df = 2, 13 
3 - df = 1, 18 
4 
- df = 1,8 
Vegetation 
F.. Prob. 
2.12 0.135 
0.44 0.650 
1.08 0.350 
0.87 0.428 
84.97 0.001 
5.23 0.010 
3.75 0.033 
4.81 0.014 
1.30 0.286 
0.97 0.389 
3.81 1 0.069 
4.97 1 0.025 
5.34 4 0.015 
14.50 6 0.064 
10.81 8 <0 .001 
1.58 0.219 
1.70 0.196 
6.68 0.003 
9.32 <0 .01 
619.21 <0 .001 
7.30 0.002 
2.43 0.102 
8.08 0.001 
15.66 <0 .001 
12.06 <0 .001 
5 
- df = 1,2 
6 
- df = 2,2 
7 - df = 1,20 
a - df = 2,20 
Year 
F* Prob. 
3.03 0.089 
0.58 0.450 
0.16 0.694 
0.02 0.885 
256.89 <0 .001 
0.69 0.412 
4.83 0.034 
0.50 0.484 
3.05 0.089 
1.96 0.170 
1.39 o 0.272 
0.301 0.392 
0.002 0.969 
- -
0.027 0.890 
1.n2 0.211 
0.03 0.872 
0.57 0.455 
0.00 0.982 
627.93 <0.001 
0.10 0.750 
8.19 0.007 
0.03 0.864 
5.71 0.022 
0.01 0.921 
Buff.Veg 
interaction 
F.. Prob. 
0.94 0.401 
0.57 0.568 
1.29 0.288 
1.42 0.185 
213.69 <0 .001 
1.39 0.263 
1.30 0.286 
0.99 0.382 
2.48 0.098 
1.86 0.170 
1.49 2 0.257 
0.54 2 0.477 
0.003 0.967 
1.87 5 0.304 
0.24 8 0.786 
0.33 0.723 
0.35 0.709 
1.10 0.344 
1.75 0.189 
2034.52 <0 .001 
0.52 0.598 
9.67 <0.001 
0.83 0.444 
8.73 <0 .001 
1.24 0.301 
Veg.Year 
Interaction 
F.. Prob. 
1.22 0.307 
0.84 0.438 
2.56 0.91 
3.09 0.580 
133.58 <0 .001 
0.96 0.393 
0.09 0.916 
0.81 0.453 
0.55 0.580 
0.28 0.758 
- -
0.05 2 0.832 
0.01 3 0.923 
- -
0.002 8 0.902 
1.33 0.277 
0.82 0.450 
1.13 0.334 
3.07 0.586 
543.14 <0.001 
0.68 0.514 
1.87 0.169 
0.12 0.887 
0.18 0.837 
1.95 0.157 
Transformation Figure 
In (no + 1) 4 
In (no + 1) 4 
In (no + 1) 4 
In (no + 1) 4 
In (no + 1) 3,4 
In (no + 1) 4 
In (no + 1) 4 
In (no + 1) 4 
In (no + 1) 4 
In (no + 1) 4 
- 5 
- 5 
- 5 
- 5 
- 5 
ln(no+1) 6 
In (no + 1) 6 
In (no + 1) 6 
ln(no+1) 6,7 
In (no + 1) 6,7 
In (no + 1) 6 
ln(no+1) 6,7 
ln(no+1) 6 
In (no + 1) 6,7 
In (no + 1) 6 
--....J 
c.o 
Figure 1. Study sites 
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Figure 2. Proportion of occupied and unoccupied mounds in different 
vegetation types within areas where buffalo were present and absent. 
Solid bars represent unoccupied mounds, hatched bars represent occupied mounds. 
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Figure 3. Effect of buffalo on number of structures occupied by abundant groups of harvester and forager termites. 
Bars represent LSD at P < 0.05. Analyses of variance of these data are presented in Table 5. 
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Figure 4. Effect of buffalo on mean volume of structures occupied by abundant species of harvester and forager termites. 
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Figure 5. Effect of buffalo on total volume of mounds occupied by abundant groups of harvester and forager termites. 
Bars represent LSD at P < 0.05. Analyses of variance of these data are presented in Table 5. 
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Abstract 
CHAPTER 4 
CHANGES IN NUMBER AND SIZE OF TERMITE STRUCTURES 
AFTER EARLY DRY SEASON FIRE IN AUSTRALIAN SAVANNA 
87 
Changes over two years in the numbers and volumes of termite structures were compared 
in areas with three different frequencies of early dry season fire: burnt in each of the preceding 
two years , burnt two years previously, and unburnt for at least three years. Nearly 1600 
structures were sampled on 21 sites in three vegetation types, spread over 300 km2 of Kakadu 
National Park, Northern Territory. About 40% of the structures were unoccupied and 35% 
appeared or disappeared over the two years of the study. Irrespective of the fire regime, 
proportion of structures occupied decreased in open forest but not in woodland or grassland: 
perhaps low precipitation during the course of the study affected the termites in the open forest 
more than in the other, wetter vegetation types. 
Changes in harvester termite structures were influenced by initial number or volume of 
structures and the fire regime. Where there were initially few structures with a small total volume, 
the number and volume of structures increased in the absence of fire , but fires in the previous 
two years caused little change. Where there were initially many structures with large total 
volume , there was little change in the absence of fire , but fire in the previous two years caused 
large decreases in number and total volume . Forager termite structures often decreased most in 
woodland and increased most in grassland but changes were not uniform. Changes in forager 
termite structures were also related to initial number and volume per site . Changes in woody 
litter feeding termite structures were generally unrelated to any of the factors studied . Number of 
structures of wood-eating termites decreased in the absence of fire . 
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Some of the changes observed in mound distribution were associated with changes in the 
rate at which structures were vacated, others with the rate of appearance of new structures, and 
others with the proportion of structures which grew during the study period. However, not all the 
net changes in distribution of termite structures could be related to one of these processes only. 
There was also evidence that the appearance, disappearance and growth of mounds was 
influenced by surrounding mounds: that is, the mounds interacted. The processes of mound 
vacation, appearance, growth and rate of growth may also have been partly influenced by one 
another. For example, mounds which grow only occasionally may grow very quickly when they 
do, but mounds which grow frequently may grow much more slowly. 
The net changes on the site level seem related to food availability: fire reduces the 
herbaceous monocots available to harvester termites and may increase the susceptibility of trees 
to invasion by wood-eating termites. These changes may have important consequences for 
nutrient cycling from grass through termites to the soil, and for the population dynamics of the 
trees. 
Introduction 
Fire is a conspicuous component of savanna, with potentially large influences on the 
ecosystem (Coutinho 1982; Lacey et al. 1982; Frost 1984; Trollope 1984; Frost & Robertson 
1987). Fires may be ignited by natural agents, such as lightning, or by humans, either 
deliberately or accidentally . These different sources of ignition cause fires of different 
frequencies and at different times of year (Lacey et al. 1982; Braithwaite & Estbergs 1985; Frost 
& Robertson 1987) . The ecological consequences of different fire regimes are, however, poorly 
understood despite considerable interest in managing fire to achieve specific ecological 
outcomes (Frost & Robertson 1987; Morton & Andrew 1987; Press 1987a, b). 
Termites are another conspicuous component of savanna. They contribute to soil 
processes, consume a large proportion of primary production and , in tum, are consumed by other 
organisms (Wood & Sands 1978; Abensperg-Traun 1988; Morton & James 1988 ; Kok & Hewitt 
1990; Lobry de Bruyn & Conacher 1990; Chapter 5) . In Australian savanna termites may be 
particularly important because large, grazing mammals are scarce and termites may fill at least 
part of the grazing niche (Calaby 1980; Mott et al. 1981; Ruess 1987; Chapters 3, 5). 
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The effects of fire on termites are not well known and may differ for different groups of 
termites. Wood-eating termites may increase in abundance following fire because fire scars 
facilitate invasion of trees (Mccaw 1983; Perry et al. 1985; Braithwaite et al. 1988). Humus 
eating termites may increase in abundance after fire because of changes in vegetation (Trapnell 
et al. 1976). Grass and litter feeding termites may decrease in abundance because their food 
source is burnt (Trapnell eta!. 1976; Roy-Noel 1978; Benzie 1986). 
This chapter reports a study of the changes in 1600 termite structures subjected to none, 
one and two early dry season fires over two years. The study concentrates on changes in the 
total numbers and volumes of structures on 0.25 ha sites because they are good measures of 
termite populations and activities (Chapters 5, 6, 7, Appendix 2), and thus provide a good 
measure of the levels of termite interactions with the rest of the ecosystem (Chapter 10) . 
Specific details of the dynamics of the structures, such as death rates , colony foundation and the 
proportion of mounds growing , and how these processes may cause the overall changes , are 
considered briefly. However, details of the dynamics are not central to the main concern of this 
paper, which is the net change in total number and volumes of termite structures on a site . 
This study is part of a larger study into the role of termites in Australian savanna (Chapter 
10) . Other aspects of the larger study include : the rates of termite activities such as respiration , 
consumption of grass and litter, and production of winged reproductive forms ; the distribution of 
termite structures among different habitats ; the distribution and diurnal cycle of termites in the 
soil ; and the occupation of termite colonies by ants (Chapters 2, 3, 5 , 6, 7, 8 , 9). 
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Materials & Methods 
Study Area 
The study was conducted in natural savanna near the north coast of the Northern Territory 
at Kapalga (12°20' to 45'S, 132°1 0' to 30'E), an area within Kakadu National Park set aside for 
scientific research. A general description of the area has been published by Story et al. (1969) 
and a specific description by Hodda (Chapter 2, Appendix 1 ). Climate is monsoonal, with little 
precipitation and low humidity from May to September, heavy precipitation and high humidity 
from November to March and transitional periods in October and April (MCAipine 1969, 1976). 
The region consists of gently undulating erosional plains cut across folded lower Proterozoic 
sedimentary, metamorphic and intrusive rocks with a few steep ridges of more resistant rock and 
extensive seasonal swamps along major watercourses (Story 1969). Soils are gradational, red 
or yellow-red, sandy or gravelly on laterite (Hooper 1969). 
Within the 300 km2 of Kapalga from which buffalo have been excluded since 1982, 21 sites 
from eight catchments were chosen for study from 36 previously surveyed sites (Chapter 2). 
Sites were chosen on the basis of accessibility during the wet season and fire history. All sites 
were burnt by wildfire in September 1986. Six sites were also burnt in 1987 and 1988, six sites 
were burnt in 1987 only, and nine sites were not burnt again (Figure 1 ). The 1987 and 1988 fires 
were deliberately lit during the second week of June. 
Within each of these fire regimes sites were chosen in three vegetation types. Detailed 
descriptions of these vegetation types and the sites used in this study have been presented 
elsewhere (Chapter 2, Appendix 1 ). Briefly, the sites were square with side 50 m. Grassland 
sites are in shallow valleys near small seeps where water is present over most of the dry season. 
Vegetation is very open with scattered Pandanus spiralis A.Br. , Syzygium suborbiculare (Benth .) 
Hartley & Perry, Xanthostemon paradoxus F. Muell. and Melaleuca spp. , over mostly low 
perennial grasses. The woodland sites are in slight depressions where soil drainage is impeded 
but surface water is not normally present. Vegetation is more dense than at the grassland site 
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but still open, consisting of Melaleuca nervosa (Lindley) Cheel over low annual grasses. The 
open forest sites are level, well drained and covered by a low open forest of Eucalyptus miniata 
Gunn. ex Schauer and Eucalyptus tetrodonta F. Muell. . The understorey consists of tall grasses 
such as Sorghum stipoideum (Ewart & J.W. White) C. Gardener & C.E. Hubb. and Heteropogon 
triticeus (R.Br.) Stapf .. 
Soil characteristics are broadly correlated with vegetation types and have been described in 
detail elsewhere (Chapter 2). Briefly, grassland occurred on deep grey soils of loamy sand 
grading down the profile into sand to clayey sand. Woodland occurred on shallower, lighter 
coloured soils of similar texture. Open forest occurred on yellow-red soils of loamy sand to sandy 
clay loam grading down the profile into clayey sand to sandy clay loam. 
Measurement of mounds 
All structures built by termites were initially suNeyed and the termites inside identified 
during June to August 1987 as part of a study into termite distribution (Chapter 2). The same 
methods were used again in June to July 1989. Collection of termites for identification during the 
initial suNey had no immediate effect on viability or occupation of structures by ants (Appendix 
3). All structures were suNeyed except for the arboreal nests of Nasutitermes graveolus (Hill) . 
Species were identified using the same sources as the 1987 suNey (Hill 1942; Watson & Perry 
1981; Dr J.A.L. Watson & Mr L.R. Miller, CSIRO Division of Entomology, Canberra, pers. comm.) 
and divided into trophic groups by the same classification (Chapter 2). Because there is some 
uncertainty in the division of haNesters and foragers, these ~o groups were analysed both 
separately and combined. 
Statistical analyses 
All statistical analyses were conducted using Genstat 5.21 (Payne et al. 1987). Linear 
regression models analogous to analysis of covariance were used because the allocation of 
treatments was not balanced. In addition to the standard facilities of Genstat, plots of residuals 
against fitted values were examined for outliers and heteroscedasticity (Zar 1984; Lane et al. 
1987; Payne et al. 1987). 
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For analysis of changes in total number and volume of structures per site, a normal 
distribution of errors was used because the residuals had distributions that empirically resembled 
normal distributions and regression analysis is not very sensitive to small deviations from 
normality (Zar 1984). Theoretically, the statistical distributions of changes in structures are 
probably a combination of many distributions. For example, the natural death of colonies, death 
of colonies by predation, whether a structure is extended in a particular year and how much the 
structure is extended may all have different statistical distributions. All of these distributions are 
probably complicated by spatial dependence, for example if the growth of one structure is related 
in some way to the growth of a neighbouring structure . Hence deriving the exact statistical 
distribution of changes in structures was beyond the scope of the study and either an 
approximately normal distribution was assumed or the data was transformed until the distribution 
was nearly normal. The large number of structures studied should assist the validity of these 
assumptions because of the central limit theorem (Sokal & Rohlf 1981; Zar 1984). 
For analysis of changes in mean volume of mounds, a normal distribution of errors was 
assumed because the distribution of a series of means always approaches a normal distribution 
(Sokal & Rohlf 1981; Zar 1984). For this reason the analysis is of change in mean volume per 
site , not the mean of the changes in volume for each mound. 
Only selected details of the dynamics of termite structures were analysed. Complete 
analysis of the dynamics would involve comparisons of transition matrices for each site , as 
illustrated below. 
time 1 
not present 
present but unoccupied 
present and occupied 
not present 
X3 
X6 
time 2 
present but 
unoccupied 
X1 
X4 
X7 
present and 
occupied 
X2 
X5 
xa 
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However, the methods for doing so are complex (R.B. Cunningham, Department of Statistics, 
A.N.U. pers. comm.). Further, any analysis is complicated by the inability to measure the 
structures not recorded at time 1 which appeared and disappeared before time 2 (shown by a 
dash above). Another complication is the different statistical distributions of the values within 
each cell (see below). Hence the approach taken was to analyze selected, independent cells in 
the matrix. 
Proportions of structures vacated (cell X7) was analyzed using a binomial distribution, the 
number of trials being the number of structures occupied at the first sampling (X6+X7 +X8) . 
Proportion of structures reoccupied (cell X5) was also analyzed using a binomial distribution, with 
the number of trials being the number of structures unoccupied at the first sampling (X3+X4+X5). 
The number of successful establishments (cell X2) was analyzed using a Poisson distribution, 
because the number of new structures could, theoretically, be very large. Proportion of 
structures alive throughout the study which grew in size was analyzed using a binomial 
distribution, the number of trials being the number of structures alive throughout the study (cell 
X8). Growth rate of the structures which were growing was analyzed using a normal distribution, 
after logarithmic transformation. 
No attempt was made to analyze the dynamics of individual structures for several reasons. 
One was the multitude of possible explanatory variables, for example distance to the nearest 
structure of the same trophic type, size of nearest structure of any type, sum of the sizes of 
nearest n structures, species of the nearest tree etc. Another was uncertainty about the form of 
the relationship between the influence of a neighbour on a mound and its distance. The 
relationship may be linear, quadratic, negative exponential or any of a number of other forms 
(Lorimer 1983). 
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Another reason for not analyzing individual structures was the difficulty of separating the 
effects on individual structures from the effect of influences on the site level, such as fire and 
vegetation type. If the dynamics are considered within each site separately to avoid this problem, 
there are only a small number of structures involved, making conclusions tenuous. 
Another reason for not analyzing the dynamics of individual structures was the general 
conceptual and statistical difficulties of the reciprocal influences of neighbouring structures on 
each other (Chapter 1 ), and another is that the analyses conducted on the site level provide 
evidence that there are interactions between structures, without having to specify the form of the 
interaction (as above). A final reason for not analyzing the dynamics of individual structures was 
that the processes by which a given number and volume of structures come to occur at a site are 
not directly relevant to the interactions between termites and the environment, which is the topic 
of this thesis. 
No attempt was made to analyze the dynamics of individual species because most occurred 
on a few sites only (Chapter 2) and did not have structures in all possible cells of the matrix at all 
sites. For example, Amitermes laurensis (Mjoberg), one of the most widespread species in this 
study, occurred on only 14 of the 21 sites and had structures which were vacated on only 12 of 
these, which are insufficient for analysis. There is also the problem of separating temporary or 
permanent abandonment of subsidiary mounds, in a polycalic colony, from abandonment of the 
main mound of a colony. 
Results 
Of 1170 structures recorded in 1987, 753 were also recorded in 1989, 417 disappeared and 
422 new structures appeared, a net increase of five structures. In 1987, 318 structures were 
unoccupied: 456 were unoccupied in 1989. No species additional to those recorded in 1987 
l· 
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were found. Changes in number, mean volume or total volume of structures occupied by the 
different trophic groups of termites, were related to fire frequency, vegetation type or initial values 
of the parameter in question as described below. A summary of statistical analyses is presented 
in Table 1. 
Changes in the number of unoccupied structures were affected by vegetation type only, 
with a significant increase in open forest but no change in the other vegetation types (Table 2) . 
Change in total volume of unoccupied structures was not related to any of the factors tested 
(Table 1 ). Change in mean volume of unoccupied structures was related to initial mean volume 
only (Figure 2). Where initial mean volume was small, the mean volume increased slightly, that 
is, there was a small positive change (Figure 2) . Where initial mean volume was large, the mean 
volume decreased, that is, there was a negative change (Figure 2) . (Note that the preceding 
statements refer to the change in mean volumes, not mean change in volumes : that is, 'mean 
volume per site in 1989 minus mean volume in 1987', not the mean of 'the volume of each 
mound in 1989 minus its volume in 1987'. Hence the above results do not imply that unoccupied 
mounds increased mysteriously in size , although there may be a way that such may happen.) 
Changes in the number of structures occupied by grass harvesting termites over the two 
years of the study were affected by initial number of structures and fire regime (Figure 3) . On 
unburnt sites with few structures initially, the number of structures increased. On unburnt sites 
with about 100 structures ha-1 there was little change and on sites with more structures than this 
there was a moderate decrease in the number of structures. On sites burnt in both 1987 and 
1988 with few structures initially, there was little change, but on sites with many structures the 
number of structures decreased substantially. Sites burnt in 1987 only, were intermediate 
between those unburnt and burnt in both 1987 and 1988. Changes in total volume of structures 
was affected by initial total volume and fire regime in a similar manner (Figure 3). Changes in 
mean volume of structures were not affected by any of the factors studied (Figure 3). 
I ' 
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Changes in the number, total volume and mean volume of structures occupied by grass and 
litter forager termites were affected by initial values and vegetation (Figure 4). Vegetation 
affected the changes in number of structures in a simple way, with changes most positive in open 
forest and most negative in woodland (Figure 4). For changes in both total and mean volume, 
the effect of vegetation was modified by the fire regime. Changes in total volume of structures 
were significantly more positive in grassland burnt in both 1987 and 1988 (Figure 4). Changes in 
mean volume of structures were significantly more positive on sites burnt in 1987 and 1988 in 
grassland (Figure 4). Changes in structures occupied by either harvester or forager termites 
showed mostly the same relationships to vegetation, fire and initial values as forager termites 
alone (Figure 5). 
Changes in number and total volume of structures occupied by termites feeding on woody 
litter were related to initial values only (Figure 6). 
Changes in number of structures occupied by wood-eating termites were affected by fire 
only (Table 1). Number of structures was significantly reduced on the unburnt sites with no 
change on sites burnt in 1987 only or 1987 and 1988 (Figure 7). Changes in both total and mean 
volumes of structures were related to initial values only (Figure 7). 
Statistical relationships for the details of the dynamics of structures are presented in Table 
3. Over all species, the number of newly successfully established structures was positively 
related to the number of occupied structures initially present (Figure 8). The proportion of 
harvester structures vacated was positively related to the number of occupied structures initially 
present (Figure 9) . The proportion of harvester structures increasing in size was greater in the 
unburnt sites (95% confidence limits of 0.12 to 0.20, 0.07 to 0.15 and 0.00 to 0.09 for the sites 
unburnt, burnt in 1986 and burnt in 1986 & 1987, respectively). The proportion of forager 
structures vacated was greater in burnt sites and grassland (Table 4) . The number of structures 
successfully established by woody-litter feeders was negatively related to the number of 
occupied structures initially present (Figure 10) . The proportion of structures vacated by wood-
eaters was greater in the unburnt sites (95% confidence limits of 0.45 to 0.64, 0.30 to 0.49 and 
0.20 to 0.39 for the sites unburnt, burnt in 1986 and burnt in 1986 & 1987, respectively). 
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In the analyses of binomial data, the residual mean deviance is a measure of the fit of the 
data to a binomial distribution (R.B. Cunningham, Department of Statistics, A.N.U., pers. comm.). 
A value much greater than the theoretical value of one indicates the data is not truly binomial. 
This means that each structure is not behaving independently and its behaviour is dependent on 
that of other structures at the site. The many values of the residual mean deviance in the range 
three to five indicate this is frequently the case (Table 3). The probability of a given structure 
being vacated, reoccupied or growing thus depends frequently on what other structures are 
doing, as well as on fire, vegetation, etc. 
Discussion 
The overall number of structures shows remarkable stability over the two years of the study, 
with less than 0.5% difference. Similar stability in termite structures has been observed in other 
environments and has been thought typical of termite structures (Watson et al. 1973). However, 
this overall stability may be illusory. There were significant changes in the structures on 
individual sites, particularly related to the fire regime, which means that had the number of sites 
in each regime differed from those studied, the overall change in numbers would have been 
greater. For example, had there been 10 sites burnt in 1987 and 1988, rather than 5, the net 
change in total number of mounds would have been quite different because of the relationships 
shown in Figures 3, 4 and 7. 
The changes in number and volume of mounds, nevertheless, indicate that there is 
frequently an equilibrium density or volume of mounds, that is , a density and volume at which no 
change occurs. This is indicated by the horizontal dashed line on the figures . 
' 
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The overall stability also conceals a turnover rate of about 35% over two years - equivalent 
to 20% per year - which indicates that the termite structures are often fairly ephemeral. The high 
turnover rate also indicates the considerable influence termites may have on the soil and nutrient 
dynamics, since termite structures are typically high in nutrients (Lee & Wood 1971 a; La Fage & 
Nutting 1978; Spain & Okello-Oloya 1985; Spain & Mcivor 1988; Lobry de Bruyn & Conacher 
1990). 
The high overall turnover rate may be associated with the many small structures included in 
the present study. Other studies where low turnover rates were recorded have been on single 
species with large structures (eg Collins 1981 b; Benell et al. 1986; Watson et al. in prep.). 
lnterspecific or size-related differences may also be involved. 
The overall increase in number of unoccupied structures, which was mostly in open forest, 
may be related to drought. Wet season precipitation in both 1987/8 and 1988/9 was below 
average (D.P. Murphy, manager Kapalga Research Station, pers. comm.), and this may have 
affected the termites and other organisms most in open forest, the driest of the vegetation types 
investigated. Alternatively, the difference between vegetation types may be a consequence of 
the distribution of different trophic groups and the changes within each, as discussed below. 
The effect of fire on harvester termites is very severe, with decreases in both numbers and 
total volumes irrespective of initial conditions. In fact, the estimated equilibrium values of number 
and total of volume was zero after two early dry season fires in consecutive years (Figure 3). 
However, such an equilibrium would be approached only slowly, as indicated by the slopes of the 
regression lines between initial values and changes. These slopes were -0.3 and -0.4 for 
number and total volume respectively. The number and volume of structures was therefore 
reduced by 30 or 40% respectively after two years of fire, so complete elimination of harvester 
termites would take many consecutive years with fires. 
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Although this experiment was conducted during two dry years, it seems unlikely that the 
effect of fire should occur only during drought: the effect of removing a larger amount of grass in 
good years seems likely to make the differences between burnt and unburnt sites even greater. 
Both burnt and unburnt sites, of course, experienced similar precipitation, so the effect of fire 
should not have been confounded with drought. 
The severity of the effect of fire is not surprising since fire removes 70% of total herbaceous 
biomass, and 90% of the biomass of perennial herbaceous monocots, which is harvester 
termites' preferred food (Chapter 5). The biomass is not replaced until the following wet season, 
leaving a period of up to six months when food is scarce. During this period, termites may 
minimize the effect of food shortage by consuming alternative food sources, changing activity 
levels, using stored forage or adapting their social structure (Nutting 1970b; Chapters 5, 6, 7). 
Such reactions by termites may be the reason that 70 to 90% reduction in food availability 
causes only 30 to 40% reduction in number or total volume of harvester termite structures. 
Similar changes in numbers of harvester termite structures have been observed in African 
savanna, where protection from the normally annual fires caused increases in number of 
harvester termite mounds proportional to the number of years without fire (Roy-Noel 1978; 
Benzie 1986). In both cases reduction in food was implicated. Reduction of food by drought has 
similar effects (Lepage 197 4). 
Changes in forager termites were more complex than those in harvesters, with number, 
total volume and mean volume all changing in different ways. The potential food sources of this 
group of termites are more diverse, so fire, vegetation and drought may act on the termites in 
different, interacting ways. Whatever these interactions, fire clearly has a lesser effect on forager 
termites than on harvesters. This may be expected because at least one potential food source, 
leaf litter, is replaced from the canopy fairly rapidly after fires (Chapter 5) . The greater effect of 
vegetation on foragers than harvesters may be associated with different rates of growth or 
' 
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turnover of structures in different vegetation types or the distribution of different food sources in 
the vegetation types (Chapters 2, 3, 5). 
The changes in harvester and forager termites combined basically mirror the changes in 
forager termites. This partially reflects the greater abundance of structures occupied by forager 
termites. It may also provide indirect evidence that the complexity of the observed relationships 
in forager termites may be caused by different reactions to fire and vegetation within the group 
because the combined group contains at least two feeding types yet still behaves more or less 
the same. 
Changes in termites feeding on woody litter were the least clear of any trophic group. 
There are several possible reasons. One is that this group of termites often lives in small 
colonies, is adapted to spatially unpredictable food sources and has considerable plasticity in the 
foods which could potentially be consumed (Hill 1942; Braithwaite et al. 1986, 1988; Chapter 2). 
Another is that woody litter burnt in fires is readily replaced by litter fall (Chapter 5). 
Changes in wood-eating termites were the most unequivocal of any of the trophic groups, 
with only the number of structures related to fire. The importance of changes in number of 
structures rather than volume has been observed before in another context and is probably 
related to the spatial and temporal distribution of food (Chapters 2, 5). The effect of fire is 
probably related to food availability, as in other trophic groups. Although fires remove fall en 
wood from the ground, and thus reduce a possible food source, they also damage the bark of 
trees (Tunstall et al. 1976; Gill 1974, 1980; Gill et al. 1986). The killed bark may then be food for 
the termites (Lepage 1974; Wardell 1990). More importantly, the damage to bark may also allow 
termites to invade the wood of the tree (Mccaw 1983; Perry et al. 1985; Braithwaite et al. 1988). 
Such invasion of trees by termites may have important consequences for the population 
dynamics of the trees and the ecosystem as a whole (Geiszler et al. 1980; Gara et al. 1986, 
Jones 1990). Likewise, the decreases in harvester termites following repeated early dry season 
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fires may influence the amount of nutrients from the herbaceous vegetation returned to the 
ecosystem after consumption and excretion by termites, compared with the amount volatilized 
during fires and possibly lost (Norman & Wetselaar 1960; Wetselaar 1980; Spain & Okello-Oloya 
1985; Spain & Mcivor 1988). These potentially large, long-term effects of changes in the termite 
fauna following fire may warrant further study. 
The analysis of the rates at which structures were vacated, successfully established, 
reoccupied and grew in size shows both simplicity and complexity in the processes which cause 
the overall changes in numbers and volumes of termite structures discussed above. It appears 
that no generalizations can be made about the processes by which changes in net number, total 
volume and mean volume of termite structures occurred. 
For the harvesters, the processes were straightforward. The observation that change in 
numbers and total volume of structures occupied by harvesters was related to the number of 
structures initially on a site, for example, appears to be caused mainly by the rate at which 
structures were vacated being related to the number of structures initially on the site. Likewise, 
the observation that change in numbers and total volume of structures occupied by harvesters 
was related to fire appears to be caused by more structures increasing in size on unburnt sites. 
The processes are probably more complex for the foragers. There was a significant 
relationship between net change in number and total volume of structures occupied by foragers 
and number initially present, but neither rate of vacation nor n~mber of successful establishn:tents 
nor rate of reoccupation were related to the number initially present. The net changes may thus 
have been the result of small, and by themselves not significant, changes in more than one of the 
processes. Conversely, although there was no significant net change in the number or volume of 
forager termite structures related to fire, the rate at which structures were vacated was 
significantly affected by fire. In this case, there may have been compensating changes in 
successful establishment and reoccupation of structures, which were not individually significant. 
Unlike the effects of initial number and fire, however, the effect of vegetation on number and total 
volume of structures appears to be a result mainly of differences in the rate structures are 
vacated. 
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Similarly, the relationships between net change in number, total volume and mean volume 
of the termites consuming woody litter with initial number of structures seems complex since all 
were negatively related to the initial number of structures, but the rate of successful 
establishment was positively related to initial number of structures. Hence, there must have been 
changes in the rates at which structures were vacated and reoccupied which, although not 
statistically significant individually, more than compensated for the change in rate of successful 
establishment. 
The processes are similarly complex for the termites consuming wood. Although there 
were net changes in mean and total volume significantly related to initial number present, neither 
the rate structures were vacated nor the rate of successful establishment nor the rate of 
reoccupation were significantly related to initial number present . The observed net changes were 
thus probably the result of some combination of all or some of them. The significant increase in 
net number of structures on the burnt sites cannot be the result of a decreased rate that 
structures are vacated, which was the only significant process identified. It must, presumably 
have resulted from non-significant increases in rate of successful establishment or reoccupation 
of structures, but the relative importance of each remains uncertain. 
The uncertainty in the interpretation of many of the results discussed above highlights the 
desirability of analyzing the differences in the full transition matrices among the sites. However, 
such an analysis is complex, would require additional assumptons and is beyond the scope of 
this study. 
The reason that such complicated analysis would be necessary for the present data was 
because the present study was designed to test differences in the net number and total volume 
and mean volume of structures on each site , not the processes by which the changes occurred . 
I· 
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A design more suitable for investigation of the processes by which net changes arise may involve 
starting with a large random sample from all the occupied structures of one species or trophic 
group, not grouped into sites, and burning around a random selection from them. The rates the 
mounds were vacated could then be compared at the end of a suitable period, free of many of 
the provisos of this study. 
It is also uncertain whether the processes by which the net changes in termite structures on 
a site affect the interactions of termites with the environment. It may be that only the number and 
volume of structures, and by implication the population within them, determine the interactions of 
termites and the savanna environment. The consumption of herbaceous monocots, CO2 
production and production of alates are all related to the number and volume of structures 
(Chapters 5, 6, 7) and erosion of material from structures is related to the number and surface 
area of structures (Bonell et al. 1986). For the purpose of estimating any of these interactions, it 
may therefore be sufficient to know the number and volume of termite structures without the 
details of how this number or volume was attained or is maintained. 
Another feature of the dynamics of the termite structures in this study seems to be 
interactions between structures. The residual mean deviances in the analysis of the rates at 
which structures are vacated, establish successfully and are reoccupied indicated this occurred 
frequently. The necessity of logarithmically transforming the data on net changes in numbers of 
structures to homogenize the variance also indicates that interactions between structures may be 
important. Thus changes where there were initially many structures were more variable than 
where there were few, indicating that either few or many structures changed: that is , most 
structures on a site tended to behave the same way . This spatial dependence does not change 
the conclusions on net changes on the sites. 
Table 1. Statlstlcal summary of relatlonshlps between Initial number and volume of termite ~tructures, fire regime, vegetation type and changes 
In the structures over 2 years. 
group of measure of 
termites• structures initial value0 fire regime 
F Prob. 0 * F 
unoccupied number 0.01 0.922 0.54 
structures total volume 0.28 0.607 0.26 
mean volume 27.84 <0.001 0.16 
grass harvesters number 42.04 <0.001 7.42 
total volume 29.36 <0.001 6.17 
mean volume 2.05 0.180 1.34 
grass & litter number 18.65 0.001 1.78 
foragers total volume 57.03 <0.001 1.24 
mean volume 50.60 <0.001 2.10 
harvester and number 18.60 0.001 2.63 
foragers combined total volume 20.35 0.001 0.80 
mean volume 113.28 <0.001 1.16 
I 
woody litter number 34.04 <0.001 1.66 feeders total volume 85.26 <0.001 · 0.47 
mean volume 116.55 <0.001 2.60 
wood eaters number 2.65 0.132 4.41 
total volume 21.92 <0.001 2.02 
mean volume 26.55 <0.001 0.02 
• - trophic groups as defined in Chapter 2 
""' - initial value of same group of termites and measure of structures 
••• - df = 1, 11 
t - df = 2, 11 
:t - df = 4, 11 
Prob.t 
0.597 
0.776 
0.854 
0.009 
0.016 
0.301 
0.214 
0.327 
0.169 
0.117 
0.474 
0.349 
0.234 
0.637 
0.119 
0.039 
0.179 
0.980 
effect of Figure 
or Table 
vegetation type fire. vegetation interaction 
F Probt F Prob.:t 
4.49 0.038 0.50 0.737 Table 2 
2.12 0.166 0.21 0.927 
1.53 0.259 0.58 0.683 2 
0.52 0.608 0.60 0.670 3 
0.65 0.541 1.90 0.181 3 
1.75 0.219 2.45 0.108 3 
8.82 0.005 1.76 0.207 4 
4.01 0.049 6.51 0.006 4 
1.12 0.361 3.50 0.045 4 
6.32 0.015 0.20 0.933 5 
4.39 0.040 3.26 0.054 5 
14.80 <0.0001 8.22 0.003 5 
1.47 0.272 1.68 0.224 6 
1.01 0.396 1.44 0.285 6 
3.78 0.056 2.15 0.142 6 
2.50 0.127 0.82 0.539 7 
0.51 0.614 0.43 0.784 7 
0.73 0.504 0.49 9.743 7 
~ 
0 
~ 
I 
I· 
r 
Table 2. Changes in number of unoccupied termite structures over 2 years. 
Vegetation type 
grassland 
woodland 
open forest 
LSD at P<0.05 
change in no of 
unoccupied structures* 
-4.6 
16.6 
61.4 
29.0 
• - negative number represents decrease, positive number represents increase. 
Table 4. Proportion of structures vacated by forager termites in three vegetation types 
under three fire regimes. 
fire regime vegetation type 
grassland woodland open forest overall mean 
unburnt 0.00 0.78 0.57 0.67 
burnt 1986 only 0.00 0.48 0.84 0.40 
burnt 1986 & 1987 0.00 0.42 0.45 0.30 
overall mean 0.00 0.56 0.62 0.44 
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Table 3. Statlstlcal summary of relationships between proportion of termite structures vacated, number sucessfully established and proportion reoccupied over 
two years, and number and volume of structures Initially present, fire regime and vegetation. 
parameter group of termites possible explanatory factors 
initial number of initial total volume of initial % cover of fire regime vegetation type fire regime & residual residual occupied structures occupied structures perennial grasses vegetation type mean df F (df = 1) Prob. F (df = 1) Prob. F(df=1) Prob. F (df = 2) Prob. F (df = 2) Prob. F (df = 4) Prob. deviance 
proportion structures vacated all 0.01 0.92 0.68 0.43 2.85 0.13 0.14 0.87 3.57 0.07 0.47 0.76 4.095 9 harvesters 6.81 0.03 2.67 0.15 0.38 0.56 0.25 0.79 1.94 0.21 0.60 0.67 2.019 7 foragers 0.00 - 1.06 0.33 3.17 0.10 5.80 0.03 12.46 <0.01 1.47* 0.29 0.830 8 harvesters & foragers 4.12 0.07 2.33 0.17 4.01 0.08 4.00 0.06 4.12 0.06 0.96 0.48 3.218 8 woody litter feeders 0.49 0.51 0.06 0.81 2.24 0.18 1.15 0.37 3.21 0.10 0.29 0.88 1.953 7 wood eaters 0.12 0.74 0.55 0.48 2.54 0.15 1.32 0.32 6.95 0.02 1.54 0.28 0.743 8 
no. successful establishments all 6.77 0.03 13.33 <0.01 0.22 0.65 0.31 0.70 1.50 0.27 0.53 0.72 3.198 9 harvesters 0.01 0.92 2.02 0.20 1.06 0.34 1.03 0.41 0.21 0.82 0.52 0.72 4.617 7 foragers 2.24 0.17 0.61 0.46 1.24 0.30 2.35 0.16 3.67 0.07 2.45* 0.14 1.909 8 harvesters & foragers 0.91 0.37 1.70 0.23 1.11 0.32 3.27 0.09 1.14 0.37 1.38 0.32 3.561 8 woody litter feeders 10.31 0.01 14.76 <0.01 3.07 0.12 1.58 0.27 2.62 0.14 2.10 0.18 0.831 7 wood eaters 1.27 0.33 1.57 0.25 0.35 0.57 9.90 0.02 0.74 0.51 1.36 0.33 2.382 8 
proportion reoccupied all 3.60 0.09 1.65 0.23 2.97 0.12 0.04 0.96 0.73 0.51 1.15 0.39 2.677 9 harvesters 1.76 0.23 1.33 0.29 0.01 0.92 0.99 0.42 0.17 0.85 0.59 0.68 4.617 7 foragers 0.12 0.74 0.33 0.58 3.07 0.12 1.93 0.29 3.26 0.09 2.51• 0.13 2.095 8 harvesters & foragers 2.05 0.19 0.64 0.45 2.05 0.19 0.36 0.71 2.18 0.18 2.84 0.10 3.231 8 woody litter feeders 3.93 0.08 4.05 0.08 0.16 0.70 1.58 0.27 2.62 0.14 2.10 0.18 0.831 7 wood eaters 1.82 0.21 1.98 0.20 3.01 0.12 1.27 0.33 0.74 0.51 1.36 0.33 2.328 8 
proportion growing all 0.27 0.61 1.12 0.36 0.99 0.40 0.77 0.57 3.915 11 harvesters 0.13 0.73 5.31 0.04 0.64 0.55 0.31 0.86 1.319 7 foragers 0.88 0.37 0.05 0.95 0.86 0.45 0.71 0.60 3.794 10 harvesters & foragers 0.62 0.45 1.11 0.36 0.76 0.49 0.91 0.49 4.040 11 woody litter feeders 0.09 0.77 1.94 0.22 3.41 0.10 0.47 0.76 1.052 6 wood eaters 0.87 0.38 2.26 0.16 0.21 0.81 0.22 0.92 1.229 9 growth rate all 0.25 0.63 0.76 0.50 0.20 0.82 0.72 0.60 5.071 8 (log transformed) harvesters 1.42 0.27 1.33 0.32 1.34 0.32 1.12 0.42 4.519 7 foragers 0.70 0.43 3.29 0.11 0.92 0.45 0.31 0.86 2.635 7 harvesters & foragers 0.98 0.35 3.51 0.08 0.77 0.49 0.83 0.54 3.956 6 woody litter feeders 2.68 0.20 2.21 0.26 0.14 0.87 1.08° 0.44 6.314 3 wood eaters 0.03 0.87 0.63 0.57 1.74 0.27 0.66 0.65 5.283 5 • 
- df = 3 •• 
- df = 2 
--4 
0 
O> 
Figure 1. Study sites 
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Figure 2. Change in mean volume of unoccupied termite structures 
over 2 years. 
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Figure 4. Changes in number, total volume and mean volume 
of structures occupied by forager termites over 2 years. 
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Figure 6. Changes in number, total volume and mean volume of structures 
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by termites and initial number of occupied structures. 
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Figure 9. Proportion of structures vacated by harvester termites and 
initial number of structures occupied by harvester termites. 
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Figure 10. Number of structures successfully established by termites 
which consume woody litter and initial number of structures 
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PART3 
CONSUMPTION OF HERBACEOUS VEGETATION AND LITTER 
BY TERMITES AND FIRE DURING THE DRY SEASON 
121 
CHAPTER 5 
CONSUMPTION OF STANDING HERBACEOUS VEGETATION AND LITTER 
BY TERMITES AND FIRES IN THREE TYPES OF AUSTRALIAN SAVANNA 
DURING THE DRY SEASON 
Abstract 
122 
Consumption of litter and standing herbaceous vegetation by fire during the dry season and 
the effect of different fire regimes on consumption by termites were measured on 21 sites spread 
over 300 km2 within Kakadu National Park, Northern Territory, Australia during the dry season of 
1988. There were three fire regimes: unburnt during 1987 and 1988, burnt during 1987 only, and 
burnt during both 1987 and 1988. Within each of these fire regimes there were sites within 
grassland, woodland and open forest vegetation types. Consumption was measured by 
difference in biomass of standing herbaceous vegetation between the early dry season (June to 
July) and first rains (November), during which growth and decomposition were absent. The 
difference in biomass of fallen litter was also measured, but continual input from the canopy 
complicated estimates of consumption. 
Biomasses of litter, standing perennial monocotyledons and all monocots were reduced in 
June immediately after fire, but standing biomass of annual monocots was unaffected and litter 
biomass was more influenced by vegetation type than fire . Termites consumed less perennial 
monocots and less in total after recent fire but the proportion consumed by termites was greater 
than in the other fire treatments. Biomass and proportion of annual monocots consumed 
depended on the biomass and consumption of perennial monocots. 
The results indicate that termites preferentially consume perennial monocots, with annual 
monocots a secondary food when the amount of preferred food is reduced. By removing most 
123 
perennial monocots, fire reduces consumption by termites, which may have important 
consequences for energy and nutrient cycling. This is especially so because consumption was 
high compared to other savannas on other continents , where mammalian grazers are much more 
abundant than at Kapalga. 
Introduction 
The dry season is a crucial time for grazers in the monsoonal tropics . There is effectively 
no growth of herbaceous plants (Mott & Tothill 1984; Mott et al. 1985), and most die off above 
ground, leaving only low quality forage (Mott & Popenoe 1977; Lamotte 1985, 1989). The dry 
season thus limits the abundance of mammalian grazers for the entire year (Mcivor 1981; Jones 
et al. 1984; Mott et al. 1985; Winter 1987). 
Harvester and forager termites rather than mammals probably consume the largest 
proportion of herbaceous vegetation and litter of any native grazer in unmodified Australian 
savannas (Calaby 1980; Mott et al. 1985). However, the amount and types of plants consumed, 
and how consumption is related to termite populations have never been quantified. Widespread, 
frequent fires also consume much herbaceous vegetation during the dry season (Braithwaite & 
Estbergs 1985). Despite this, the amount of herbaceous vegetation and fallen litte·r consumed by 
fire are not known (Braithwaite & Estbergs 1985; Andrew 1986a; Press 1987a, b) . The effect of 
removal of herbaceous vegetation by fire on consumption by termites is also unknown. 
This chapter reports a study of the changes in biomasses of herbaceous vegetation and 
litter over the dry season, and how the changes are related to termite populations , fire and 
vegetation types. The study is part of a larger investigation into the ecological role of termites 
within Kakadu National Park. Other chapters have described termite activities such as 
respiration, production of alates and mound building in relation to vegetation and fire (Chapters 6, 
7) . The distributions of mound-building and subterranean termites have also been described 
(Chapters 2, 3, 4, 8). 
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Materials and Methods 
Study Area 
The study was conducted in natural savanna near the north coast of the Northern Territory 
at Kapalga (12°20' to 45'S, 132°10' to 30'E), an area within Kakadu National Park set aside for 
scientific research. A general description of the area has been published by Story et al. (1969) 
and a specific description by Hodda (Chapter 2, Appendix 1.) Climate is monsoonal, with little 
precipitation and low humidity from May to September, heavy precipitation and high humidity 
from November to March and transitional periods in October and April (McAlpine 1969, 1976) . 
The region consists of gently undulating erosional plains cut across folded lower Proterozoic 
sedimentary, metamorphic and intrusive rocks with a few steep ridges of more resistant rock and 
extensive seasonal swamps along major watercourses (Story 1969). Soils are gradational, red 
or yellow-red, sandy or gravelly on laterite (Hooper 1969). 
Within the 300 km2 of Kapalga from which buffalo have been excluded since 1982, 21 sites 
from eight catchments were chosen for study from 36 previously surveyed sites (Chapter 2). 
Sites were chosen on the basis of accessibility during the wet season and fire history. All sites 
were burnt by wildfire in September 1986. Six sites were also burnt in 1987 and 1988, six sites 
were burnt in 1987 only, and nine sites were not burnt again (Figure 1). The 1987 and 1988 fires 
were deliberately lit during the 2nd week of June. 
Within each of these fire regimes sites were chosen in three vegetation types. Detailed 
descriptions of these vegetation types and the sites used in this study have been presented 
elsewhere (Chapters 2, 5). Briefly, the sites were square with side 50 m. Grassland sites are in 
shallow valleys near small seeps where water is present over most of the dry season. 
Vegetation is very open with scattered Pandanus spiralis R.Br., Syzygium suborbiculare (Benth .) 
Hartley & Perry, Xanthostemon paradoxus F. Muell. and Melaleuca spp., over mostly low 
perennial grasses. The woodland sites are in slight depressions where soil drainage is impeded 
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but surface water is not normally present . Vegetation is more dense than at the grassland site 
but still open, consisting of Melaleuca nervosa (Lindley) Cheel over low annual grasses. The 
open forest sites are level , well drained and covered by a low open forest of Eucalyptus miniata 
Cunn. ex Schauer and Eucalyptus tetrodonta F. Muell.. The understorey consists of tall grasses 
such as Sorghum stipoideum (Ewart & J.W. White) C . Gardener & C.E. Hubb. and Heteropogon 
triticeus (A.Br.) Stapf .. 
Soil characteristics are broadly correlated with vegetation types and have been described in 
detail elsewhere (Chapter 2, Appendix 1 ). Briefly, grassland occurred on deep grey soils of 
loamy sand grading down the profile into sand to clayey sand. Woodland occurred on shallower, 
lighter coloured soils of similar texture. Open forest occurred on yellow-red soils of loamy sand 
to sandy clay loam grading down the profile into clayey sand to sandy clay loam. 
Termite data was collected from these sites between June and August 1987 and has been 
fully described in another chapter (Chapter 2). Mound volume was used in analyses because it 
is a good measure of termite populations, energy consumption and production of reproductives 
(Chapters 5, 6, 7, Appendix 2). 
Estimation of biomass and consumption 
Biomass of herbaceous vegetation and litter were estimated using the BOTANAL procedure 
(Hargreaves & Kerr 1978 ; Tothill et al. 1978) modified to allow for local cond itions (Appendix 4). 
Material was divided into two categories . The herbaceous category included only dried-off stalks 
of non-woody plants still attached at the base ; unattached fragments were counted as litter and 
the small amount of "green pick" which appeared immediately after f ires was ignored. The litter 
category included all whole leaves with petioles and unattached fragments of leaves or 
herbaceous vegetation : fruit , twigs and woody branches were excluded. 
Within the herbaceous category, plants were divided by species. This could be achieved 
with reasonable confidence , even where recently burnt , by comparison with unburnt stalks or 
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plants nearby, although not all species could be assigned definite names. Litter was not sorted 
beyond that described above. 
Both categories were sampled from the same set of quadrats over three weeks during June 
to July 1988 (early dry season) and November 1988 (late dry season, just before the first rains). 
Quadrats were located randomly, with a different set of quadrats used for each sampling time. 
Sites were sampled in the same order so that the intervals between samplings of each site were 
nearly equal. The order in which the sites were sampled was randomized for fire and vegetation 
types. 
Consumption was calculated as the difference between the early and late dry season 
samples. During this period growth of herbaceous vegetation is absent, except for the "green 
pick" after fire (Mott & Popenoe 1977; Mott & Tothill 1984; Mott et al. 1985). Microbial 
decomposition, in the very dry conditions during the dry season, is also zero (I. Cowie, CSIRO 
Division of Wildlife & Ecology, Darwin, pers. comm.). The only loss in herbaceous biomass is 
therefore by consumption. For litter, inputs from the canopy complicate calculation of 
consumption. However, measurement of litter fall was beyond the scope of this study because of 
logistic constraints and because a large number of litter traps would have been required to allow 
for variation in the canopy, particularly in grassland and woodland. Consequences of the 
complicating effect of litter fall are considered in the discussion. 
Most consumption was assumed to be by termites because there are very few other 
organisms which consume grass and litter during the dry season. Orthopterans are abundant 
only during the wet season and mainly on floodplains (Friend 1986). Native marsupial herbivores 
are low in abundance (Calaby 1980; Mott et al. 1981; M.G. Ridpath, CSIRO Division of Wildlife & 
Ecology, Darwin, pers.comm.) The introduced grazers, cattle (mostly Bos indicus L.) and feral 
pigs (Sus scrota L.), also occur at low densities (M.G. Ridpath pers. comm.). The Asian water 
buffalo (Buba/us bubalis L.) has occurred at high densities in the past but has been removed and 
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excluded from the study area since 1982. By contrast with all the above organisms, termites are 
very abundant (Chapter 2, 3, 8). 
Calculations and analyses 
All calculations and analyses were conducted using Genstat 5.21 (Payne et al. 1987). The 
proportions of biomass lost in each species were compared using linear regression procedures 
analogous to analysis of variance (Zar 1984; Digby et al. 1989). Regression procedures were 
used because species occurred on different numbers of sites (Table 1 ). Data were angular 
transformed to normalize the variance (Zar 1984). 
For analysis of species grouped into perennial, annual and total herbaceous monocots, 
generalized linear and non-linear models were used. The procedure was as follows. First, 
linear regressions were calculated for number, mean volume and total volume of termite 
structures with change in biomass of standing perennial, annual and total herbaceous 
monocotyledons, and litter. Plots of observed values with regression lines, and residuals versus 
fitted values were then inspected. If a statistically significant relationship with a homogenous 
error distribution was found, then the effects of vegetation type and fire regime on the slope and 
intercept of the regression line were tested by stepwise linear regression to select the model 
(Digby et al. 1989). If inspection of the graphs revealed distinct trends but the errors were not 
homogenous, the data were transformed (Zar 1984). If a suitable transformation was not 
available (as, for example, with inverse relationships), an appropriate non-linear model was fitted . 
If the transformation or non-linear model produced a homogenous error distribution, then the 
ettect of vegetation type and fire regime on the slope and intercept of the regression line were 
tested using regression procedures (Digby et al. 1989) . 
Results 
Forty eight species of herbaceous plants were found , but most occurred on few sites (Table 
1 ). Hence no meaningful statistical tests of individual species distributions were possible. There 
were no obvious differences in grass species composition between the different fire regimes. 
Over all sites taken together, the proportion of biomass in June/July lost over the next four 
months did not differ between species; F = 1.35; df = 48,114; P = 0.1). 
When species were grouped into perennial, annual and total standing herbaceous 
monocots the groups occurred on all sites and statistical comparisons were possible. A 
summary of these comparisons is presented in Table 2. 
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Fire reduced the biomass of perennial herbaceous monocots in June/July by about 700 kg 
ha-1, or 90% of that originally present (Figure 2). Biomass of annual herbaceous monocots was 
reduced by a similar amount, but the reduction was very variable and so was not statistically 
significant (Figure 3). Total biomass of standing herbaceous vegetation was reduced by about 
1500 kg ha-1 or 70% of that originally present (Figure 4). Litter biomass was about 400 kg ha-1, 
or 50% less after fire but was more affected by vegetation type, with the amount lost increasing 
from grassland to woodland to open forest (Figure 5). In November, the same relationships held, 
except that the effect of recent fire on litter biomass was no longer significant (Figures 2, 3, 4 & 
5) . 
Consumption of perennial herbaceous monocots was related to the total volume of 
harvester termite mounds, with the position of the regression line affected by the fire regime 
(Figure 6). Consumption of annual herbaceous monocots was related to the biomass of 
perennial herbaceous monocots in July, the relationship approxir:!lating a rectangular hyperbola 
(Figure 7). Total consumption of herbaceous vegetation was related to the total volume of 
termite mounds, but the position of the regression line was affected by the fire regime (Figure 8). 
The proportion of perennial herbaceous monocots consumed was greater after recent fire 
but unrelated to any other -factor (Figure 9) . Proportion of annual herbaceous monocots 
consumed was related to the proportion of perennial herbaceous monocots consumed, the curve 
approximating a sigmoid curve on a linear scale (Figure 10) . Where less than about 40% of 
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perennial, herbaceous monocots was consumed, consumption of annual monocots was low. As 
the proportion of perennials consumed rose, the proportion of annuals consumed increased more 
rapidly (Figure 10). 
Change in litter biomass was related only to litter biomass in June (Figure 11 ). 
Discussion 
Grass and litter removed by fire 
Overall, consumption by fire at Kapalga is similar to that in other dry, tallgrass savannas, 
where 50 to 80% of standing crop biomass is removed by fire (Sinclair 1975; Ohiagu & Wood 
1976; Andrew 1986a; Lamotte 1985, 1989). However, the lack of any statistically significant 
effect of fire on standing biomass of annual, herbaceous monocots is unexpected. The cause is 
probably the great variability in the amount burnt, which may arise from two sources. One is that 
the distribution of annual herbaceous monocots is probably more patchy than that of perennial 
herbaceous monocots (Andrew 1986b). The other is that the flammability of annual grasses may 
vary more; species with little bulk, such as Schizachyrium crinizonatum S.T. Blake may provide 
insufficient fuel to carry fire, whereas other species, such as Sorghum stipoideum are highly 
flammable. 
The material consumed by fire represents a substantial proportion of both standing crop 
and annual production, which is about 750 to 1350 kg ha-1yr1 of perennials (Arndt & Norman 
1959; Norman 1966), about the same of annuals (Andrew 1986a), and about 1500 kg ha-1yr1 of 
litter (Werner 1986). This is a considerable loss of potential food for termites, although much 
also remains. Because so much remains, the effect of termite consumption after fire may be 
more subtle than that observed in western Queensland, where a large reduction in potential 
foods through overstocking and drought, caused termites to completely denude the remaining 
vegetation (Watson & Gay 1970). 
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Grass and litter removed by termites 
On unburnt sites, consumption of herbaceous vegetation by termites at Kapalga (mean 500 
kg ha-1 per 4 months, maximum 1000 kg ha-1 per 4 months) is high compared with other 
savannas. At Kajaido in semi-arid east Africa, Macrotermes michaelseni (Sjostedt) consumes 
800 to 1500 kg ha-1yr1 (Lepage 1981b) and at Mokwa in southern Guinea savanna 
Trinervitermes geminatus (Wasmann) consumes 150 to 500 kg ha-1yr1 (Ohiagu & Wood 1976). 
The total annual production of grasses at both locations was 3000 kg ha-1yr1 which is similar to 
that near Kapalga of 2500 kg ha-1yr1 (Andrew 1986a). Although both the estimates are for 
single species only, both species dominate their respective environments and so would be 
expected to account for most consumption by termites (Ohiagu & Wood 1976; Lepage 1981b). 
The estimates from Africa are also for a full year, whereas those from Kapalga are for 4 
months. Extrapolation to the full year is difficult because the annual cycle of activities varies 
greatly among termite species (eg Sands 1965b; Bodot 1967a; Lepage 1981a; Ferrar 1982c). 
However, in at least one of the species at Kapalga, Tumulitermes pastinator (Hill), respiration 
rate of mounds is higher during the wet season (Chapter 7), and so the consumption rate may be 
greater during the wet season. 
A greater consumption of herbaceous vegetation by termites in Australia may be because 
termites fill the niches which in Africa are filled by grazing mammals (Ruess 1987). The main 
native grazers, Macropus agilis Gould and Macropus antilopinus Gould are low in abundance 
(Calaby 1980; Mott et al. 1981; Braithwaite 1986) whereas the termite fauna is both abundant 
and diverse (Braithwaite et al. 1986; Braithwaite et al. 1988; Morton & James 1988; Chapters 2, 
3, 8). 
The reduced consumption of herbaceous monocots during the remainder of the dry season 
after fire is probably caused by reduced availability. Possible reasons for the reduction are that 
termites take longer or have more difficulty searching for food , travelling to food, or harvesting it, 
and so less can be harvested. Another possibility is that not all species are consumed, so that 
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the combusted material of one species is not replaced in the diet by another and starvation 
occurs. The form of the relationship, parallel lines on a log scale, indicates that consumption per 
unit volume of harvester termite mound is reduced by a constant proportion after recent fires . 
The differences in consumption where total mound volume was zero do not indicate that 
differences exist in the disappearance of material in the absence of termites. Rather, this 
indicates that harvester termites with subterranean colonies are affected in a similar way to those 
building visible structures. There is at least one species of subterranean harvester termites 
which may occur in the area (Braithwaite et al. 1988) and most of the species which build 
mounds have colonies which are initially subterranean before the mound appears above ground 
(Gay 1970). 
· The pattern of consumption of different types of herbaceous monocots suggests that some 
form of differential harvesting is occurring, with perennials being generally consumed more than 
annuals, and annuals only being consumed in large quantities when biomass of perennials was 
low. The increase in consumption of annuals as perennials become less abundant may result 
from two causes. It may represent a decreasing advantage in be•ng selective as the preferred 
types become less abundant and therefore more difficult to find or more time consuming to 
harvest. Alternatively, only some species of perennials may be consumed in preference to 
annuals, after which both annuals and perennials are consumed at similar rates. Likewise, the 
small amount of annuals consumed when perennials are abundant may represent a few species 
of annuals which are preferentially consumed. Another possibility is that the consumption of a 
small amount of annual herbaceous monocots may be merely incidental to harvesting perennials. 
Fires at certain times of year and heavy grazing by domestic stock may cause long term 
changes in composition of the herbaceous vegetation (Bridge et al. 1983; Mott et al. 1985; 
Andrew 1986a). Such changes may also decrease termite harvesting and cycling of nutrients by 
termites as discussed below. 
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Unlike consumption of herbaceous monocots, litter consumption was not greatly influenced 
by fire, being far more dependent on vegetation type. The reason is probably that litter is 
continually replaced whereas new standing herbaceous vegetation appears only in the wet 
season. Fire thus reduces the amount of litter available as food for a short period only, as shown 
by the lack of any statistical effect of fire on litter biomass in November, five months after fire. 
Litter consumption is thus mainly influenced by the amount of litter available. 
Longer term effects of fire 
The differences between the sites unburnt and burnt in 1987 only, showed the effect of 
reduced consumption of normal foods during one year on termite populations and hence 
consumption the following year. Although the differences were never statistically significant, 
consumption was always lower on the sites burnt in 1987, which may represent a longer term 
effect of fires the previous year. The consequences of such a longer term effect of fire on termite 
consumption may be important for the nutrient economy of the ecosystem because less of the 
nutrients from herbaceous vegetation would be recycled by termites and more would be 
volatilized in subsequent fires (Lee & Butler 1977; Wetselaar 1980; Mott et al. 1985). Many more 
years data are required to test this hypothesis. 
Table 1. Species of herbaceous plants occurring on more than 1 site. 
Species 
Fimbristylus spp. 
Eriachne triseta 
Chrysopogon fa/lax 
Schizachyrium crinizonatum 
Sorghum stipoideum 
Heteropogon contortus 
Heteropogon triticeus 
Xyris complanata 
Borreria spp. 
Digitaria sp. 
Cyperaceae sp. "1 a2" 
Brachiaria sp. 
Unidentified sp. "2m2" 
Pseudopogonatherum collinum 
Unidentified sp. "clump" 
Unidentified sp. "2 digit" 
Unidentified sp. "green" 
Lomandra tropica 
Sporobolus sp. 
Eragrostis sp. 
Drosera petiolaris 
Unidentified sp. "rush" 
Hyptis suavolens 
Cartonema parviflorum 
Eriachne squarrosa 
Themeda sp. 
Setaria apiculata 
Panicum mindanaese 
Eriachne ciliata 
Ectrosia leporina 
** 
Life 
cycle* 
p 
p 
p 
A 
A 
p 
p 
E 
A 
A 
p 
A 
p 
A 
p 
p 
p 
E 
A 
p 
E 
p 
A 
p 
p 
p 
A 
A 
A 
A 
Found at no. of sites 
14 
11 
9 
9 
8 
7 
7 
6 
5 
5 
4 
4 
4 
3 
3 
3 
3 
3 
3 
3 
2 
2 
2 
2 
2 
2 
2 
1 
1 
1 
* P = perennial with annual aerial parts, A = annual, E = evergreen perennial. 
** plus 18 species which could not be identified each found at 1 site only and an uncategorized 
component present at 14 sites, which could not be assigned to any of the recognized species 
groups. 
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Table 2. Statistical summary of Influences of fire and vegetation type on biomass of 
grasses and litter. 
Quantity* time effect of df F Probability 
perennial June fire 2 5.06 0.025 
herbaceous vegetation 2 0.05 0.950 
monocots fire. vegetation 4 1.02 0.390 
residual 12 
November fire 2 5.22 0.026 
vegetation 2 0.36 0.705 
fire. vegetation 4 1.31 0.326 
residual 11 
annual June fire 2 1.43 0.277 
herbaceous vegetation 2 0.39 0.685 
monocots fire.vegetation 4 1.51 0.261 
residual 12 
November fire 2 1.38 0.292 
vegetation 2 0.43 0.661 
fire . vegetation 3 2.49 0.111 
residual 11 
all June fire 2 6.79 0.011 
herbaceous vegetation 2 0.19 0.829 
vegetation fire. vegetation 4 1.21 0.357 
residual 12 
November fire 2 4.43 0.039 
vegetation 2 0.11 0.897 
fire.vegetation 4 2.94 0.070 
residual 11 
fine June fire 2 3.91 0.049 
litter vegetation 2 28.00 <0.001 
fire . vegetation 4 0.47 0.757 
residual 12 
November fire 2 
-
0.56 0.587 
vegetation 2 6.14 0.016 
fire . vegetation 4 1.03 0.434 
residual 11 
* 
- log transformed for statistical comparisons. 
Figure 1. Study sites 
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Figure 2. Biomass of perennial, herbaceous monocots in June/July 
and November. 
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Figure 3. Biomass of annual, herbaceous monocots in three 
vegetation types during June/July and November. 
Bar represents LSD at P<0.05 between columns. 
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Figure 4. Total biomass of herbaceous monocots in June/July 
and November. 
Bars represent LSD at P<0.05 between fire regimes within times of year. 
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Figure 5. Biomass of litter in three vegetation types in June/July 
and November. 
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Figure 6. Mass of perennial, herbaceous monocots lost over 4 months 
in the dry season and total volume of harvester termite mounds. 1000 
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Figure 7. Mass of annual, herbaceous monocots lost over 4 months 
in the dry season, and biomass of perennial, herbaceous 
monocots at the start of the dry season. 
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Figure 8. Total mass of herbaceous monocots lost over 4 months 
in the dry season, and volume of harvester termite mounds. 
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PART4 
OUTPUTS FROM TERMITES TO THE ENVIRONMENT 
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Preface to Part 4 
The chapters in this part of the thesis investigate how the material consumed by harvester 
termites is returned to the environment. There are many difficulties in obtaining estimates of 
these flows. The difficulties are discussed here, because many are common to all the following 
chapters . The discussion also places the following chapters in context as prototype studies, 
subject to the assumptions, constraints and difficulties discussed below. 
The lack of standard methods presents one difficulty. There have been few studies on 
outputs from termites but the methods used have varied considerably. For example, one 
approach to measuring CO2 output from termite structures was to extrapolate from 
measurements on individual termites (Hebrant 1970), while another was to measure the whole 
mound in situ (Holt 1987; 1988). 
Another difficulty is the effort required. Apart from the difficulties in working in a remote 
location, considerable effort is required to take account of the potential variability in timing and 
duration of the various processes. The effort required is compounded further if the estimates 
sought must be of sufficient accuracy to cont idently and quantitatively determine differences 
between different vegetation types or fire regimes. In particular, the number of species and the 
potentially great flexibility in responses afforded by termites' social organization may make the 
responses of termite colonies quite variable and require much replicated sampling. Hence, 
definitive studies of the flows from termites to the environment were not possible with the 
available logistic support in the time available . 
The best which could be achieved was to gain some idea of the outputs of one species at a 
small number of times and a limited number of sites. In the absence of any other data, this gives 
some idea as to what the outputs from termites to the environment may be and how these 
outputs may be affected by vegetation and fire . It also provides preliminary estimates of the 
variability in the outputs from termites to the environment, which should assist in designing any 
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future studies. The studies presented in these chapters should also assist in the future 
development of methods. The chapters are presented in paper format to maintain uniformity with 
earlier chapters . 
I· 
Abstract 
CHAPTER 6 
HARVESTER TERMITES IN AUSTRALIAN SAVANNA: 
OUTPUT OF WINGED REPRODUCTIVES BY 
TUMULffERMESPASTINATOR 
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Output of winged reproductives (alates) was measured for 24 mounds of the harvester 
termite Tumulitermes pastinator using adhesive traps around each mound. Most alates had 
flown by early in December. All had flown by February. Many more a lat es were produced by 
mounds in areas which had been burnt early in the dry season for the preceding two years. 
Larger mounds produced more alates than smaller mounds but the effect was much smaller than 
that of fire. Alate production was also different in grassland , woodland and open forest 
vegetation types but the difference was small relative to the other effects. 
Alates flew from the mound in all directions but tended to a particular direction. This 
direction was up and to the west for the alates on the traps in December but up and to the east 
for the alates on the traps in February. Fire and vegetation modified the spread of alates from 
the preferred direction. These results may have importance for termite population dynamics in 
the founding of new colonies and the longevity of existing colonies . There are also implications 
for consumption of vegetation by sterile termites , nutrient cycling and animals which consume 
termites . 
Introduction 
Termites are thought an important component of savanna ecosystems, consuming a variety 
of plant materials, then passing the carbon and nutrients on to other components of the 
ecosystem via a number of routes (Peakin & Josens 1978; Wood & Sands 1978; Kok & Hewitt 
1990; Lobry de Bruyn & Conacher 1990). One of the outputs from termites to the ecosystem is 
r 
an annual flight or flights of large numbers of winged termites which disperse and attempt to 
found new colonies . 
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These winged termites, called alates or imagoes, often represent a substantial biomass 
(Nutting 1970a; Josens 1982a; Thorne 1983) and are an important food source for some animals 
(Nutting 1970a; Kok & Hewitt 1990). They are also a substantial but opportunistic food source 
for many other animals such as predaceous arthropods, fish, amphibians, reptiles, birds and 
mammals (Nutting 1970a; Kok & Hewitt 1990). Of course, alates are important for founding new 
termite colonies too . 
The number and biomass of alates produced, proportional to the rest of the colony, varies 
both within and between species (Gay & Greaves 1940; Bouillon 1964; Nutting 1970a; Josens 
1972; Nutting & Haverty 1976; Darlington 1982; Josens 1982a; Thorne 1983). The causes for 
this remain obscure. Drought can reduce the number of alates released from a mound (Lepage 
1974), but drought can reduce total mound populations as well (Darlington 1982) so it is not clear 
if fewer alates are produced proportional to the total population of the mound. In other situations, 
the number of alates produced appears to differ little (Nutting & Haverty 1976). 
This chapter describes measurements of the number and biomass of alates produced by 
mounds of the termite Tumulitermes pastinator (Hill) and how they are affected by fire and 
vegetation type. This species was chosen because it is abundant in the study area and was the 
only species of harvester termite occurring on all sites chosen for study (Chapter 2).The study is 
part of a larger one into the ecological role of termites in savanna in Kakadu National Park, other 
aspects of which are reported elsewhere (Chapters 2, 3 , 4, 5 , 7, 8, 9 , 10) . 
Methods 
Study Area 
The study was conducted in natural savanna near the north coast of the Northern Territory. 
A general description of the area has been given by Story et al. (1969). Climate is monsoonal : 
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there is little precipitation and low humidity from May to September, heavy precipitation and high 
humidity from November to March and transitional periods in October and April (McAlpine 1969, 
1976). The region consists of gently undulating erosional plains cut across folded lower 
Proterozoic sedimentary, metamorphic and intrusive rocks with a few steep ridges of more 
resistant rock and extensive seasonal swamps along major watercourses (Story 1969). Soils are 
gradational, red or yellow-red, sandy or gravelly on laterite (Hooper 1969). 
The study was conducted at Kapalga (12°20' to 45'S, 132°1 O' to 30'E) an area within 
Kakadu National Park set aside for scientific research and managed by CSI RO. Sites of 50 m 
square were randomly located within grassland, woodland and open forest vegetation types. 
Details of the individual sites, general characteristics of the vegetation types and methods of site 
selection have been fully described elsewhere (Chapters 2, 8). Basically, grassland is very open 
vegetation in shallow valleys near small seeps where water is present over most of the year. 
Woodland is open vegetation in slight depressions with poor drainage. Open forest has the 
densest tree cover, is level and well drained. 
One site in each of the vegetation types had been burnt early in the dry season for each of 
the previous two years: the other site in each vegetation type was not burnt. All sites were burnt 
late in the dry season three years previously. 
Termite sampling 
From the central 400 m2 of each site , four mounds of Tumuj itermes pastinator were 
selected so as to match as closely as possible for size, position relative to trees and shrubs, and 
absence of ant nests from the immediate vicinity of the mound. Most were 20 to 50 litres volume 
and more than 3 m from the nearest tree or shrub. The species occupying the mounds was 
known from previous surveys (Chapter 2) . 
In early October - before the first rains of the wet season - a series of traps was erected 
around each selected mound (Figure 1) . Six wooden stakes were used to form a hexagonal 
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pyramid of base radius and height 1.2 m. Circular traps were attached to alternate stakes, with 
centres 54 cm from the apex, measured along the stake. On the other stakes there were two 
traps, centred 36 and 72 cm from the apex. A trap was also suspended immediately below the 
apex. 
Each trap was of radius 12 cm and was covered on the side facing the mound with a thick 
layer of tree tanglefoot (The Tanglefoot Co., Grand Rapids, Michigan 49504, U.S.A.). This 
substance is highly adhesive and waterproof. The traps were checked and recoated in mid 
December, February and May. 
The trap method was used because it allowed estimation of alate production in the field with 
minimal disturbance to the mounds. This gives the method certain advantages over possible 
alternatives. First, there should be little effect on the microclimate or boundary layer around the 
mound, as may occur if the mound is enclosed with fine mesh (Nutting & Haverty 1976). 
Second, the direction flown by emerging alates can be ascertained, because little is known about 
this feature of alate flight (Nutting 1970a; Waller & La Fage 1988). Third, there is little 
disturbance to the mound, which allows other measurements and avoids changing the 
abundance of termites, as occurs when colonies are dissected to count alates in the nest before 
flight (see references in Table 4). Fourth, alates emerging from each mound can be counted 
separately, unlike light traps which sample from a general area (Gay 1970). 
Calculations and statistical analyses 
To calculate the total number of alates produced, the sum of the alates caught on all traps 
was multiplied by 3.255 and added to 16.275 times the sum of the number of alates on the 
lowest three traps. This formula was derived in the following manner. First the traps were 
assumed to lie on a truncated hexagonal pyramid formed by the stakes holding the traps . Then, 
the mean number of alates cm-2 flying from the mound through the part of the pyramid with traps 
(Figure 1) was assumed the same as the mean number cm-2 caught on the traps . Hence the 
total number of alates flying through the top of the pyramid was calculated by multiplying the 
I, 
mean number cm-2 on the traps by the surface area of the top of the pyramid. This is the first 
term in the calculation. 
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For the part of the pyramid below the traps, the mean number of al ates cm-2 flying through 
the pyramid was assumed to decrease from the number on the lowest three traps , at the level of 
the lowest traps, to zero, at ground level. This decrease was assumed linear so that the mean 
number cm-2 for the entire area was half the mean of the lowest traps. Hence the total number of 
alates flying through the bottom of the pyramid was calculated by multiplying half the mean 
number cm-2 on the lowest three traps by the surface area of the bottom of the pyramid. This is 
the second term of the formula. 
Statistical analyses were conducted using Genstat 5.02 (Payne et al. 1987). Data were 
logarithmically transformed to ensure homoscedascity, which was verified by graphical 
examination of the graph of residuals versus fitted values (Zar 1984) . Fisher's Least Significant 
Difference for P(Ho) 0.05 was used for multiple comparisons. The percentage variance accounted 
for by the regression was calculated from the adjusted R2 statistic (Weisberg 1985; Payne et al. 
1987) . 
Results 
Most alates were found on the traps in December with another, smaller flight from the burnt 
plots only, between December and February (Tables 1 & 2) . Many alates were visible as two 
pairs of wings only, but others were completely stuck and could be provisionally identified. The 
mean dry weight per termite of the termites that could be removed from the traps and washed 
without damage was 26.03 mg (95% confidence interval +5.21 , N = 12). 
Analysis of the number of alates on traps is presented in Table 2. The number of alates on 
each target differed significantly with fire regime and position of the trap. Vegetation type also 
had a significant effect, but one which depended on fire and time of year. For instance, fewer 
alates were produced per mound in woodland on burnt plots, but there were no differences 
between the vegetation types on the unburnt plots (Figure 2) . In December, there were no 
differences in alate production between vegetation types, but in February fewer alates were 
produced in woodland (Figure 3) . 
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There was also a significant interactive effect of fire , vegetation and time of year (Tables 2 
& 3). On the burnt sites production fell in February and vegetation differences appeared. 
Highest production of alates in February was in the open forest. Significantly fewer alates were 
produced in grassland than forest, with the woodland site producing significantly fewer again. On 
the unburnt plots, vegetation had no effect in either December or February, but production in 
February was generally significantly lower than in December. 
In the December catch, the alates tended to fly up and to the west on all plots (Figures 4 & 
5). In February they tended to fly up and to the east (Figure 6) . Very few alates were ever 
caught on the trap directly above the mound (Figures 4, 5 & 6) . Alates emerged in a more 
strongly directed stream, with a lesser spread , on the burnt plots than on the unburnt plots 
(Figures 4 & 5) . This trend was especially mar1<ed in grassland and woodland. 
Discussion 
The general pattern of alate emergence is generally in accord with existing knowledge. 
Alates have been recorded in and outside nests between mid November to early February (Hill 
1942) , which correspond to their first and last appearance in the traps. The estimates of total 
alate production per mound are also comparable to most other Nasutitermitinae (Table 4). The 
only exception, Nasutitermes corniger (Motschulsky), is an arboreal nesting species (Table 4). 
Hence, the present estimates of total alate production seem reasonable . Termites are not good 
fliers (Gay 1970; Nutting 1970a) so underestimation caused by termites avo iding traps is 
probably small. 
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Variation in alate production among mounds has been observed, but not explained, in many 
species (Table 4). Within the bounds of this study however, over 80% of the variance in alate 
production between mounds is explained by vegetation type or fire regime (Table 2). Over 75% 
of the variance in alate production within mounds between December and February was also 
explained by ecological factors (Table 2). This suggests that there may be ecological 
explanations for much of the variation in alate production. 
The mechanism underlying the variation may be food shortages during the dry season, 
when the alate nymphs are growing. Theoretically, if colony death becomes more probable 
because of a lower or more unpredictable food supply, more energy should be channelled into 
reproducing the colony (reviewed by Frost 1985; Partridge & Harvey 1988). Reproduction of 
termite colonies is by alates. Lack of food occurs on the burnt sites where there is much less 
potential food available from the fires in June until the wet season in November (Chapter 5). As 
predicted, on these sites alate production is relatively high. 
The opposite occurs on the unburnt sites. The supply of potential food is good and energy 
should, theoretically, be channelled towards somatic growth, that is neuter castes. This occurs 
as predicted. Not only is alate production relatively low, but activity within mounds, mound 
building and grass harvesting activity are all higher on the unburnt than burnt sites (Chapters 4, 
5, 6) . 
Observations on other species of termites are also consist~nt with the colony mortality 
theory. More alates are produced by colonies stressed for food in a number of species (Nutting 
1970a; Nagin 1972; Thorne 1983; M. Lenz, CSIRO Division of Entomology, Canberra, pers . 
com.). Even apparently anomalous observations of decreased alate production during food 
shortage caused by drought (Lepage 1974; Darlington 1982), are readily explained. Unlike the 
situation after fires, during drought the mortality of alates and young colonies increases more 
than that of established colonies (Darlington 1982). Hence, for the best chance of genetic 
survival, investment should be in sterile castes and colony growth. 
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The variation in timing of alate production may also be explained in terms of maximizing the 
chances of genetic survival. Where relatively few alates are produced by colonies with relatively 
abundant food, they leave the nest at what is normally the most advantageous time; after the first 
substantial rain of the wet season when many species fly (Hill 1942; Hewitt et al. 1972; Nel & 
Hewitt 1978; Jones et al. 1981, Schaefer & Whitford 1981 ; Rajagopal 1985; P. Panquee, 
manager Kapalga Research Station, pers. com.). Where many alates are produced because the 
colony is short of food, development must be staggered as alates are energetically expensive to 
produce (Thorne 1983). However, if alates emerging later in the wet season have a lower 
chance of survival than those emerging earlier, then as many as possible should fly early in the 
season. Only those which cannot be reared in time should fly later. Hence, the smaller late 
flights should be proportionally more sensitive to environmental influences than the larger first 
flight as was observed. 
The variation in alate production with vegetation, combined with the modifying effects of fire 
and time of year, also fit the.food stress hypothesis. The mounds in woodland produced fewest 
alates, which accords with this being the most environmentally variable environment (Chapter 8) 
and with mounds of a given size being least active in this vegetation type (Chapter 7). The effect 
of vegetation was also greatest in February and on the burnt sites, which also fits the hypothesis 
outlined above. Not only that, but the largest number of late flying alates was produced by the 
mounds on the forest sites, which had the least potential food available during the dry season 
when early flying al ates are reared (Chapter 5). 
A directional bias in flight was unexpected. Most previous observations have been of alates 
flying in all directions, but data were qualitative only (Nutting 1970a). The only quantitative 
measurements of flight direction showed a definite tendency to fly in a particular direction 
towards a river (Waller & La Fage 1988). However a tendency to fly towards the nearest river or 
open water does not fit the present data: the direction flown was the same on all sites even 
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though the nearest river or open water was in different directions from each site . The direction 
flown also changed between the sampling times. 
The directional bias in flight may be caused by either light or wind. T. pastinator is attracted 
to light (Hill 1942), so the alates may be emerging mostly within a short priod during the night and 
flying towards the moon. If so, this may explain the apparently anomalously low number of alates 
caught on the trap directly above the mound, which is shaded (Figures 2, 3 & 4) . Alternatively, 
wind may cause the directional bias. Alates are poor fliers (Nutting 1970a; Gay 1970) and may 
not be able to fly well against any breeze. The difference in directional spread between burnt 
and unburnt sites may thus be caused by different strengths of breeze around the mounds : lack 
of grass and shrubs decreases the boundary layer and allows higher wind velocities around the 
mounds on the burnt plots. More breeze would cause a more directed stream of alates as 
observed (Figures 2 & 3). Another possibility is that both light and wind are involved. However, 
the conditions at the exact time of flight need to be known to distinguish between these 
hypotheses. 
The effects of directional flight by alates on survival, mating success and colony foundation 
remain unknown but may warrant further study. The extent of this phenomenon in different 
localities and species also remains to be determined. 
The results and conclusions of the present study refer to T. pastinator and the particular 
study sites only. Logistic and time constraints prevented investigation of many structures on 
many sites and other species. While there is no evidence that the conclusions of this study apply 
to other species and locations, neither is there any evidence to suggest they do not apply . The 
sites were chosen to cover a wide geographical area from sites known similar in vegetation 
structure , woody vegetation and with typical values of% cover of different types of herbaceous 
vegetation (Chapters 2, 5, Appendix 1 ). Hence, the results reported here should be regarded as 
preliminary only, but, in the absence of any better data, may provide some indication of the 
amount of alates produced and the effects of fire and vegetation on alate production . 
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Table 1. Estimated number of alates emerging from mounds. 
fire vegetation mound total number of alates 
regime volume December February Total 
burnt grassland 93 456 156 612 
51 376 221 597 
42 3763 38 3801 
32 664 352 1016 
mean* 50 809 147 1090 
woodland 47 521 0 521 
56 885 0 885 
42 1901 0 1901 
37 599 0 599 
mean* 45 851 0 851 
open forest 23 820 534 1354 
23 443 352 795 
27 419 361 780 
23 768 651 1319 
mean* 24 584 458 1026 
unburnt grassland 30 65 0 65 
51 66 0 66 
27 208 0 208 
23 52 0 52 
mean* 31 83 0 83 
woodland 44 156 0 156 
42 173 0 173 
111 273 0 273 
37 234 0 234 
mean* 52 204 0 204 
open forest 12 143 0 143 
15 234 0 234 
20 169 0 169 
15 144 0 144 
mean* 15 169 0 169 
* 
- geometric mean 
' 
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Table 2. Analysts of variance of the number of alates caught on each trap (logarithmically 
transfonned data). 
source of variation* degrees of F ratio 
freedom** 
fire.vegetation.mound stratum*** 
fire 1 
vegetation 2 
fire.vegetation 2 
Residual 18 
% variance on this stratum accounted for= 82.2 
fire.vegetation.mound.time stratumt 
time 1 
fire.time 1 
vegetation .time 2 
fire.vegetation.time 2 
Residual 18 
% variance on this stratum accounted for= 77.7 
100.09 
1.70 
3.88 
60.30 
4.57 
4.90 
5.21 
fire-.vegetation.mound.time.position of trap stratum; 
position of trap 9 12. 75 
fire .position of trap 9 5.94 
vegetation .position of trap 18 2.30 
time.position of trap 9 6.87 
fire. vegetation.position 18 2. 76 
fire.time.position of trap 9 0.43 
vegetation .time.position 18 2.29 
fire.vegetation.time.position 18 2.06 
Residual 307(17) 
% variance on this stratum accounted for= 43.9 
Total 462(17) 
• - . indicates interaction between factors 
** - numbers in parentheses represent missing values 
*** - variation among sites using mounds to estimate variance 
probability 
<0.001 
0.211 
0.040 
<0.001 
0.047 
0.020 
0.016 
<0.001 
<0.001 
0.002 
<0.001 
<0.001 
0.918 
0.002 
0.007 
t - variation between times using 1 sampling time at mound to estimate variance 
; - variation among targets using targets to estimate variance 
* Table 3. Mean number of alates caught per trap. 
vegetation 
fire regime month grassland woodland open forest 
burnt December 5.79 a 5.40 a 3.23 ab 
February 0.93 C 0.00 d 2.46 b 
unburnt December 0.44 cd 1.19 C 1.09 C 
February 0.00 d 0.00 d 0.00 d 
• 
- geometric mean 
Numbers with different letters as superscripts are significantly different at P (Ho) <0.05 
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Table 4. Number and percentage of nest population of alates produced by termite 
colonles. 
Taxon Number of alates Colony population % alates Reference 
(in thousands) (in thousands) 
Macrotermes michaelseni 3 to 73 Darlington 1982 
Macrotermitinae 0.3 to 23 Josens 1972 
Odontotermes obesus 28 to 43.3 Roonwall 1960 
Trinervitermes geminatus 1 Josens 1972 
. . 0.5 to 3 Oto 3.56 Josens 1982a 
. 0.76 to 0.95 19 4 to 5 Sands 1965a 
• . 1.6 4 Ohiagu 1976, 1979a 
Nasutitermes corniger Oto 25 50 to 400 0 to 72 Thorne 1983 
Nasutitermes exitiosus 2.4 Holdaway et al. 1935 
Tumulitermes pastinator 0.05 to 3.7 0.5 to 12 This study 
Gnathamitermes tubiformans 1.0 10 10 Schaefer & Whitford 1981 
Amitermes spp. 10 Lee & Wood 1971b 
Coptotermes lacteus 60 1000 6 Ratcliffe et al. 1952 
Coptotermes formosanus 69 2000 to 3000 2 to 3 Su & Scheffrahn 1987 
Stolotermes victoriensis 17.5 Hill 1942 
Zootermopsis laticeps 39 Nutting 1970b 
Pterotermes occidentis 30 Nutting 1966b 
Paraneotermes simplicicornis Oto 0.32 0.20 to 1.8 Oto 20 Jones et al. 1981 
. . 
14 to 16 Nutting 1966a 
Figure 1. Arrangement of traps around termite mound 
-+-,iri.------.----------- trap (sticky side towards mound) 
\---~------•--r-------- termite mound (not to exact scale) 
--- 100 cm ---
* front stakes & traps only to scale 
wooden stake 
_.. 
01 
(X) 
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Figure 2. Effect of vegetation and fire regime on production of alates. 
Bar represents LSD at P<0.05. 
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Figure 3. Effect of vegetation and time of year on production of alates. 
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Figure 4. Distribution of alates emerging from mounds on burnt sites before December. 
Thick vertical line represents position of centre of mound. 
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Figure 5. Distribution of alates emerging from mounds on unburnt sites before December. 
Thick vertical line represents positionof centre of mound. 
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Figure 6. Distribution of elates emerging from mounds on burnt sites between December and 
Thick vertical line represents position of centre of mound. 
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CHAPTER 7 
THE EFFECTS OF TIME OF DAY, SEASON, VEGETATION AND FIRE 
ON CARBON DIOXIDE PRODUCTION BY MOUNDS OF A HARVESTER TERMITE 
Abstract 
CO2 productions of mounds of Tumulitermes pastinator were measured in Kakadu National 
Park, Northern Australia. Four mounds were measured in each of three vegetation types 
(grassland, woodland and open forest) and two fire regimes (unburnt and burnt for the previous 
two years). The same mounds were measured three or four times over one day in each of the 
wet and dry seasons. 
CO2 production of most mounds was higher early in the morning than in the afternoon. The 
mean level of production was related to the volume of the mound, the season and the vegetation 
type. CO2 production was higher in the wet season and in grassland or open forest. The 
amplitude of diurnal variation was also greater during the wet season. If the measurements were 
assumed to lie on a smooth cyclic curve, the same results were obtained. With this assumption, 
the time of maximum activity was estimated as being 2.5 hours later on the burnt treatment. 
Changes in CO2 production are interpreted as resulting from changes in termite abundance 
within the soil and temperature effects. The results are compared with studies from other parts of 
the world . 
Introduction 
Termites are one of the most abundant groups of arthropods in the wet-dry tropics, and 
have long been recognized as important in the functioning of tropical ecosystems (Sands 1965a; 
Brian 1978; Wood 1988). They contribute to the flows of energy and nutrients by consuming a 
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wide variety of plant material , then being consumed by ants, reptiles or mammals (Calaby 1960; 
Gay 1970; Peakin & Josens 1978; Wood & Sands 1978; Morton & James 1988; Abensperg-
Traun & De Boer 1990). Termites also modify the soil and soil processes (Lee & Wood 1971 b; 
Lobry de Bruyn & Conacher 1990). 
One aspect of the interest in termites has been the temporal pattern of activity. The 
interest has arisen because the timing of termite activity may affect the way termites interact with 
the rest of the ecosystem (Chapter 10). For example, termites would compete with cattle if both 
consumed grass mainly during the wet season, but competition would not occur if the termites 
harvested mainly during the dry season when cattle consume little grass (Ohiagu 1979b; Ohiagu 
& Wood 1979; Lepage 1981b). Similarly, diurnal cycles of activity may determine rates and 
sources of predation (Sands 1965a; Ohiagu 1979b). Diurnal cycles of activity are also important 
in interpreting estimates of termite populations taken at different times of day (Sands 1965a; 
Chapter 8). 
A general theory of the factors determining the timing of termite activity has yet to be fully 
elucidated because many different patterns of activity have been observed. In some species 
and habitats activity is highest when it is wet, in others activity is highest when it is dry (see 
discussion below). The time of day at which maximum activity occurs also varies considerably 
among species, habitats and seasons (Lepage 1981 a; Chapter 8: see also discussion below) . 
The food resource utilized by termites, fires and vegetation cover have been separately 
implicated in causing these different patterns of activity (Collins 1_981 a; Ferrar 1982c; Jones et al. 
1987) , but much remains to be known about how ecological factors influence termite activity. 
This chapter describes how CO2 production of mounds of the termite Tumulitermes 
pastinator (Hill) differs with respect to vegetation, fire regime and the season. It is part of a 
larger study of the ecological role of termites in the "natural" savannas of Kakadu National Park, 
other aspects of which have been described elsewhere (Chapters 2, 3 , 4, 5 , 6, 8, 9, 10). CO2 
production was measured because it is a common currency for comparison with other studies 
(Hebrant 1970; Holt 1987; Chapter 5). CO2 production is also an integrated measure of both 
the number of termites within a mound and their activity. As an integrated measure it is not 
necessarily the same as a simple sum of the respiration of each termite measured in isolation 
(Hebrant 1970; Lee & Wood 1971 b). 
Methods 
Study Area 
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The study was conducted in natural savanna near the north coast of the Northern Territory. 
A general description of the area has been given by Story et al. (1969). Climate is monsoonal, 
there is little precipitation and low humidity from May to September, heavy precipitation and high 
humidity from November to March and transitional periods in October and April (McAlpine 1969, 
1976). The region consists of gently undulating erosional plains cut across folded lower 
Proterozoic sedimentary, metamorphic and intrusive rocks with a few steep ridges of more 
resistant rock and extensive seasonal swamps along major watercourses (Story 1969). Soils 
are gradational, red or yellow-red, sandy or gravelly on laterite (Hooper 1969). 
The study was conducted at Kapalga (12°20' to 45'S, 132° 1 o· to 30'E) an area within 
Kakadu National Park set aside for scientific research and managed by CSIRO. Two square 
sites of side 50 m within each of grassland, woodland and open forest were selected on the basis 
of accessibility at night and fire history from the 36 randomly located sites previously surveyed. 
All sites were burnt by wildfire in September 1986. One site in each vegetation type was burnt 
early in June in both 1987 and 1988 (Figure 1) . The other site in each vegetation type was not 
burnt in either year. The locations are shown in Figure 1. 
Detailed descriptions of these vegetation types and the sites used in this study have been 
presented elsewhere (Chapter 2). Briefly, the grassland sites are in shallow valleys near small 
seeps where water is present over most of the dry season. Vegetation is very open with 
scattered Pandanus spiralis A.Br., Syzygium suborbiculare (Benth.) Hartley & Perry, 
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Xanthostemon paradoxus F. Muell. and Melaleuca spp., over mostly low perennial grasses. The 
woodland sites are in slight depressions where soil drainage is impeded but surface water is not 
normally present. Vegetation is more dense than at the grassland site but still open, consisting 
mostly of Melaleuca nervosa (Lindley) Cheel over low annual grasses. The open forest sites are 
level, well drained and covered by a low open forest of Eucalyptus miniata Gunn. ex Schauer and 
Eucalyptus tetrodonta F. Muell. . The understorey consists of tall grasses such as Sorghum 
stipoideum (Ewart & J.W. White) C. Gardener & C.E. Hubb. and Heteropogon triticeus (A.Br.) 
Stapf .. 
CO2 sampling 
· Five mounds of the harvester termite Tumulitermes pastinator were chosen for study at 
each site, four from the central 400 m2 of the site and one from just outside the site. The 
mounds were matched as closely as possible for size, position relative to trees and shrubs and 
the absence of ant nests in the mound itself or surrounding area. Most mounds were 20 to 50 L 
in volume and over 3 m from the nearest shrub or tree. 
The mounds were prepared on the day prior to sampling in the following manner. A ring of 
about 0.5 m around each mound was cleared of all litter using a spade . Any grass tussocks or 
herbaceous plants were pulled out by hand from the base so as to take out as much of the roots 
as possible. The mound from outside the main site was then removed, together with all soil 
underneath showing obvious signs of termite activity. This area ~f soil with termite mound 
removed was to act as a control for the respiration of soil underneath the mound itself. 
Each of the woodland and open forest sites was sampled three times over the 24 hours 
commencing at 17:00 CST on 1 March 1989 (wet season): the grassland sites were 
inaccessible. All sites were sampled four times over 32 hours commencing at 09 :00 CST on 24 
July 1989 (dry season) . In order to avoid any bias due to the order of sampling sites, limited 
randomization was applied . The sites were divided into three locations , with a small travelling 
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time between the two sites within each location (Figure 1 ). The three locations were then 
sampled in random order within each cycle of the sites. Total randomization was not practical 
because excessive travelling time may have been required . 
Polyethylene, cylindrical tanks were used to sample the CO2 (Figure 2) . The tanks were 
fitted with battery powered fans to mix the air inside, then inverted over a mound and sealed 
around the rim with loose soil. An infra-red gas analysis system (LCA-2, Analytical Development 
Company, Hoddesdon, Herts., U.K.) was then connected to the tank. 1.5 minutes were allowed 
for the system to equilibrate and any old air to be flushed from the connecting tube. CO2 
concentration in the tank was then recorded every minute for 5 minutes. The tank was then 
removed and ventilated before placement over the next mound. Temperature and relative 
humidity were recorded while waiting for CO2 concentration to increase in the tank. 
The volume of gas in the system was measured during the first sampling cycle in each 
season. After the initial 5 minutes of recording CO2 concentration, 10 ml of pure CO2 was 
injected from a syringe through a short tube inserted into the tank at 90° to the gas analysis port 
(Figure 2) . The resulting increase in CO2 concentration was then recorded for a further 5 
minutes. As a check, the volume of air in the tank was also calculated from the dimensions of 
the tank and mound or hole. 
Respiration of mound material only was measured using an unoccupied mound of about 30 
L volume. The occupied mound was removed from its original position near the study sites well 
before the study. It was transported in a large plastic tray to the main camp area where it was 
placed upright in a grassy area. The colony subsequently died or evacuated the mound. 
The CO2 production of the mound was measured by same procedure as for the occupied 
mounds, with several exceptions. One exception was that the increase in CO2 concentration was 
followed for 10 minutes because the release of CO2 from the mound was slow. Another 
exception was that for control measurements the mound was simply lifted from its original 
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position and the soil underneath measured. Measurements were made at about noon on the day 
after the other measurements. 
Calculation and analysis of CO2 production 
The rate of increase of CO2 concentration was calculated from the slope of the linear 
regression of CO2 concentration against time. The increase in concentration was converted into 
an amount of CO2 using the ideal gas equation. No correction was made for humidity when 
sampling because displacement of gas by water vapour has no net effect on measurements 
made with the analysis system (Wong et al. in press). CO2 production of the mound was 
calculated by subtracting the measurements from unoccupied mounds and the soil-only control, 
from the measurements for mounds plus soil underneath. 
A cosine curve was then fitted to the CO2 production of each mound over the day. The 
diurnal range, maximum and time of maximum CO2 production were calculated from the curve. 
Maximum CO2 production was used as a parameter because it may represent the respiration of 
the mound when most termites are within. 
As a check on the parameters calculated from cosine curves, the same parameters were 
calculated by joining the points as in Figures 3 to 5. This approach avoids the assumption that 
CO2 production over the day is a cosine curve but has the disadvantage that the times at which 
measurements were taken may influence results (see discussion on diurnal cycle). A simple 
linear regression of CO2 production and relative humidity was also calculated. 
The parameters of CO2 production were analysed by ANOVA with covariate of mound 
volume using Genstat 5.02 (Payne et al. 1987). Fisher's Least Significant Difference for 
P(Hoi<0.05 was used for multiple comparisons. The rationale of these methods is discussed 
briefly in Appendix 6. 
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Results 
CO2 productions by each mound are shown in Figures 3, 4, 5. Note that the points on the 
figures are not necessarily presented or joined in the order in which they were taken, so the 
graphs could be standardized to run from midnight to midnight. In most mounds the highest CO2 
production occurred during the afternoon and the lowest production during the darkness of early 
morning (Figures 3, 4, 5). Results of the analyses of variance and covariate regressions are 
shown in Table 1. The time of day at which maximum CO2 production occurred was related to 
the fire regime, being at 12:22 CST on the unburnt sites and 14:47 CST on the burnt sites (95% 
confidence interval+ 2h 22 min). Diurnal amplitude was related to the season, being 1.85 mg C 
min-1 mound-1 in the wet season and 0.64 mg C min-1 mound-1 in the dry season (95% 
confidence interval +0.85 mg C min-1 mound-1). Diurnal maximum of CO2 production was 
related to mound volume, vegetation type and season, the regression coefficient for mound 
volume being 0.0375 mg C min-1 L-1 (95% confidence interval +0.019 mg C min-1 L-1). 
Maximum CO2 production for the mean mound size of 37 L (in mg C min-1) for the different 
vegetation types and seasons are presented in Table 2. 
The function describing CO2 production was therefore 
CO2 production = a + b cos( (t - c) / 12 1t) 
where a= mean diurnal CO2 production (mg C min-1 -1 1 mound-1) 
= diurnal maximum of CO2 production for mound of O L volume (Table 2) plus 
mound volume x 0.0375 (from regression above) 
b = daily amplitude (above) (mg C min-1 mound-1) 
c = time of maximum output (above) (in hours, 24 hour clock) 
This equation is shown graphically in Figure 6. 
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The only difference in results when the parameters were calculated from the points directly 
was an approximately 1/3 reduction in the diurnal amplitude, and a significant regression of 
mound volume on amplitude (regression coefficient 0.0273, 95% confidence interval+ 0.018 mg 
C min-1 L-1). The other parameters and the factors affecting them were not significantly 
changed (Table 1 ). 
There was no direct linear relationship between CO2 production and relative humidity (F = 
0.71; df = 1,142; p(Ho) = 0.40). 
CO2 production of mound material only was 0.01 mg C min-1 L-1 during the wet season and 
0.005 mg C min-1 L-1 during the dry season. 
Discussion 
Comparison with other species 
The absolute magnitude of CO2 production is also close to that of other species: similar 
sized mounds of Amitermes laurensis Mjoberg near Townsville produced CO2 at about 0.5 times 
the rate of T. pastinator (Holt 1988) and mounds of five species of non fungus growing termites 
from South Africa produced CO2 at 0.25 to 10 times the rate (Seiler et al. 1984). However, 
interspecific differences are not unexpected. 
Diurnal Cycle 
The diurnal cycle of CO2 production observed in this study is generally similar to those 
observed for other species (Seiler et al. 1984; Holt 1988). The evidence for the exact functional 
form taken by the diurnal cycle is scant, but to determine the exact form of the cycle would 
require many measurements at short time intervals on many closely-matched mounds over many 
days over all the year. Collecting such data was beyond the resources of the present study and 
would be unsuitable for comparisons of net output in different vegetation types and under 
different fire regimes , which are the main aim of the study. 
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An alternative sampling strategy for investigation of differences in CO2 output in different 
vegetation types and fire regimes would be to sample all mounds simultaneously, thus 
eliminating the time of sampling as a possible cause of differences among mounds. This, too, 
was beyond the available resources. In any case, total daily or yearly output of CO2 could not be 
calculated from such data without assuming the form of the diurnal cycle. Another, less 
satisfactory, approach is to randomize the order in which the mounds are sampled . This was 
done as far as possible within the constraints of travelling time imposed by the location of the 
sites, but estimates of daily CO2 output obtained from such data are less accurate than could be 
achieved with greater sampling effort. 
· Another alternative is to assume the diurnal variation takes a simple cyclic form. This 
means that the curve obtained for each mound should be independent of the times of sampling, 
and overcomes the inability to sample simultaneously. In the absence of extensive data, the 
simplest cyclic curve was assumed, the sinusoidal. The available data also suggest a curve of 
this general form (Seiler et al. 1986; Holt 1988). However, no significance should be attached to 
the exact form of the curve. 
It is comforting to note that the conclusions from the curve fitting and randomization 
approaches differed only very slightly, although the estimates of CO2 production per day were 
about 30% higher using the curve fitting approach. 
The diurnal cycle of CO2 production is almost exactly the inverse of termite abundance in 
the soil (Chapter 8) . The minimum abundance of termites in the soil occurs at 14:41 CST on 
unburnt sites , only 6 min earlier than the maximum CO2 production of the mounds. This 
suggests that the diurnal cycle of CO2 production may be related to the movement of termites 
into and out of the mound. Many species of termite are known to forage outside the central nest 
mainly during the night (Andrews & Middleton 1911 ; Bodot 1967a; Banerjee 1975; Lepage 
1981 a; Abushama & AI-Houty 1989). Likewise, minimum abundances occur in mounds of the 
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harvester termites Cubitermes sankurensis Wasmann and Trinervitermes ebenerianus Sjostedt 
at 0100 hrs. and 0400 hrs. respectively (Bouillon 1964; Sands 1965b). 
The general diurnal cycle of activity may be associated with relative humidity (Gay 1970). 
As the termite cuticle is permeable to water, any activity away from the closely controlled 
environment of the central mound would be more easily accomplished when humidity is high. 
An association between humidity and activity could also cause the higher activity observed 
during the wet season. However, humidity explains neither the difference in activity associated 
with burnt and unburnt sites, nor with vegetation. The effects of these factors are discussed 
below. 
Temperature within a mound has also been associated with its CO2 production (Holt 1988). 
If the temperature inside the mound follows external temperature, this scheme would fit the 
general diurnal cycle of CO2 production. However, external temperatures do not explain the 
differences in the cycle associated with the environmental factors. The temperature within a 
mound will also be influenced by the number of termites in the mound and their activity. These, 
in turn, are influenced by activity outside the mound. Thus, the location of termites is probably 
very important in the CO2 production of a mound, although there is much more to learn about the 
interactive effects of humidity and temperature. 
Seasonal changes 
The seasons had two effects on CO2 production: diurnal amplitude and rate of CO2 
production were both greater during the wet season. Both are probably the result of higher 
termite activity during the wet season as discussed below. 
Greater diurnal amplitude of CO2 production in the wet season may be due to a high 
proportion of the colony leaving the mound during the night as termites of many species forage 
away from the nest most actively during wet periods (Banerjee 1975; La Fage et al. 1976; Buxton 
1981; Ferrar 1982c, d; Jones et al. 1987). The lesser amplitude in the dry season implies the 
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proportion of the colony outside the mound changes less over the day. This may arise with any 
proportion, high or low, of termites outside the mound. The number of termites found in the soil 
during the dry season may vary by almost an order of magnitude over the day (Chapter 8) so a 
large number of termites outside the mound seems likely. 
Greater overall rate of CO2 production during the wet season is partly due to greater 
microbial respiration within the mound material. The difference is probably related to the 
moisture content of mound material (Holt 1987; Holt et al. 1990). However, microbial respiration 
does not account for all the seasonal difference. The rest of the seasonal difference in CO2 
production is probably caused by greater populations of sterile termites and/or greater activity of 
the termites within the mound during the wet season. Both have been observed in other species 
(Sands 1965b; Haverty et al. 1974; Haverty & Nutting 1975; Ohiagu 1979b). The difference is 
not caused by the presence of alate nymphs within the nest: no alates were caught after the wet 
season measurements were taken (Chapter 6) . 
Mound size 
Most of the association between mound size and CO2 production is probably related to 
larger mounds housing more termites. Mound size and population are related in many, though 
not all, species (Appendix 2), so larger mounds should produce more CO2. A small part of the 
increase in CO2 production with increasing mound size is also caused by the microbial population 
in the mound material. 
Vegetation 
The association of different vegetation types with the rate of CO2 production may be due to 
a number of factors. First, high CO2 production may result from high termite activity where high 
vegetative cover provides more opportunity to forage (Jones et al. 1987). This mechanism may 
explain the high CO2 production in open forest. A second factor causing high CO2 production 
may be high termite activity where there is access to soil water all year (Wood et al. 1982; 
Kooyman & Onck 1987a). This mechanism may explain the high CO2 production in grassland 
j. 
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where water was available on the surface all year. A third factor which may alter the rate of CO2 
production is variability in the position of the water table. During the wet season the forest is 
never flooded and the grassland always flooded, but in the woodland conditions may vary widely. 
If flooding restricts termite activity, the result of this variability may be fluctuations in termite 
populations from year to year. Hence in some years the population of a mound of a given size 
may be less than expected and CO2 production less. 
It is important to stress that the current results refer to the activity of individual termite 
mounds and not the total termite population. The total termite activity depends on the number 
and size of mounds in a given area as well as the size specific rate of activity. As the 
abundance of mounds is described in detail elsewhere (Chapters 2, 3, 4), so the total activity of 
termites will also be reported separately (Chapter 10). 
Fire 
The response of the mounds to fire was to delay the time of maximum CO2 production. 
Perhaps this is due to termites foraging for longer periods outside the mound. This may occur if 
termites do not respond immediately to decreases in food supply but attempt to continue 
harvesting the same quantity of food which maintained the colony when food was abundant 
(suggested by Watson & Gay 1970). Potential foods are much less abundant after fire (Chapter 
5) , so food may be more difficult to find and foraging at greater distances from the mound 
necessary. Therefore , if foraging commences at dusk and cannot be started earlier because 
humidity is too low or temperature too high, a longer period of foraging must retard the close of 
foraging. A later end to foraging would mean that the algorithm fitting the diurnal curve to the 
data would fit a later time of maximum production. More detailed data are needed to investigate 
this hypothesis, as discussed in the section on diurnal cycles , above . 
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Study limitations 
All the conclusions regarding differences in CO2 output among mounds should be regarded 
as tentative. There was no replication of days within season, nor of different years, nor of 
different species of termites, nor of vegetation types, nor of fire regimes. This does not invalidate 
the statistical tests. It means that the inference drawn from the tests can only relate to the 
particular days, year, species and sites on which the study was conducted. The applicability of 
the present results to other days, years, species and sites therefore depends on how 
representative the conditions of the study were. The available data suggests the days, 
vegetation types and effects of fire were representative (Chapters 2; 3; 4; Appendix 1; D.P. 
Murphy, Manager, Kapalga Research Station, pers. comm.). The year may have been less 
representative as it was considerably drier than average. How similar different species may be is 
unknown. 
In the absence of other data, the present study may give some indication of the output of 
CO by termites and how it is affected by time of day, season, vegetation type and fire. 
Table 1. Analysis of variance of parameters of CO2 production. 
source of variation 
fire 
vegetation 
fire.vegetation 
mound volume 
residual 
(fire.vegetation.mound) 
season 
fire.season 
vegetation.season 
fire. vegetation.season 
residual 
* P(Ho) < 0.05 
** P(Ho) < 0.01 
df 
1 
2 
2 
1 
17 
1 
1 
1 
1 
12 
F ratio 
cosine curves 
time of max. amplitude maximum 
production production 
4.80 * 2.19 1.39 
0.21 1.02 5.11 * 
1.41 1.14 2.26 
0.17 2.36 15.31 ** 
0.78 11.53 ** 83.33 ** 
0.06 2.70 1.48 
3.42 0.01 1.44 
3.09 2.52 4.47 
points only 
amplitude maximum 
production 
0.04 0.09 
0.96 5.18 * 
2.38 2.88 
9.40 ** 12.63 ** 
34.49 ** 77.58 ** 
0.32 0.11 
4.38 1.21 
3.25 4.06 
Table 2. Maximum rate of CO2 production (in mg C min•1 mound-1) by hypothetical 
mounds of o and 37.56 L during wet and dry seasons in different vegetation types. 
CO2 production (mg C min-1 mound-1) 
mound size (L) season 
0.00 wet season 
dry season 
37.56 
* - estimated 
wet season 
dry season 
grassland woodland open forest 
•3_47a 1.67b 3.71 a 
*4.88a 3.oab 
Wtthin each mound size, numbers with different letters as superscripts are significantly different 
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Figure 3. Carbon dioxide production of termite mounds 
on grassland sites. 
0.010 a) Burnt 
-- 0.008 
C 
E 
--0 
e> 0.006 
-C 
0 
t5 
:::J 
-g 0.004 
~ 
a. 
(l) 
"C 
X 
0 
"C 
C 
0 
-e 
~ 
(.) 
-"C 
C 
:::J 
0 
E 
--c 
E 
--0 
C) 
-C 
0 
t5 
:::J 
"C 
0 
~ 
a. 
(l) 
"C 
X 
0 
"C 
C 
0 
..0 
~ 
~ (.) 
0.002 
o .... 
I ', 
I ', 
I • ', 
-~ I.,_ --- '-
----- ,._,, _.~ --- ' 
------- ''a' I --~-,o-
--- _..1l-~ ...... ----------~-•••-- _, ...-
-----(),:~ I 
--0. 000 ~......_....._......._.,_...._....._...__,.~..;z..aa...a-..... ...... ..._. .... la.c:........_. ........ _....... 
0 6 12 18 24 
0.025 
0.020 
0.015 
0.010 
0.005 
time of day (hrs) 
b) Unburnt 
P, 
I ' 
I ' 
I ' 
I ' 
I ', 
I ' 
I ' 
I ' 
I ', 
I ' 
I ' I 6, ' 
I I '' ' 
I I ' ' 
.... ' 
I I '' ' I I .___ ', ' 
I I -- ' I I -- ', ' 
I 1, ---- '~ 
I I -- ~~ .... .:::-------...... .... .. ~ 
' .... ~ ..., ..., I • 
' ' ..., ..., ..., I JI 
.... ........ .... ....... , 
',, '0----- I 
' -- --6 I --0----------- 0 
- ~ ' o,--- - - ,_ -
------- ·~---
--0. 000 ..____._ ____ __.__.........,.........,.:lllto.l..._.__ .......... __.__.__--....._._ ___ ......__ _ __. 
0 6 1 2 
time of day (hrs) 
(note change in scale of y axis) 
1 8 24 
179 
Symbols: mound 1 - squares; mound 2 - circles; mound 3 - triangles; mound 4 - diamonds 
Lines: dry season - dashed lines and open symbols. 
Figure 4. Carbon dioxide production of termite mounds 
on woodland sites. 
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Symbols: mound 1 - squares; mound 2 - circles ; mound 3 - triangles ; mound 4 - diamonds. 
Lines: dry season - dashed lines and open symbols ; 
wet season - solid lines and closed symbols. 
-"O 
C 
:::, 
0 
E 
---C 
·-E 
---(.) 
0) 
-C 
0 
.... 
(.) 
:::, 
"O 
0 
"-
a. 
Q) 
"O 
>< 
0 
"O 
C 
0 
.0 
"-
cu (.) 
-"O 
C 
:::, 
0 
E 
---
C 
·-E 
---(.) 
0) 
-C 
0 
.... (.) 
:::, 
"O 
0 
"-
a. 
Q) 
"O 
>< 
0 
"O 
C 
0 
.0 
"-
cu (.) 
Figure 5. Carbon dioxide production of termite mounds 
on open forest sites. 
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Symbols: mound 1 - squares; mound 2 - circles; mound 3 - triangles; mound 4 - diamonds. 
Lines: dry season - dashed lines and open symbols; 
wet season - solid lines and closed symbols. 
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Figure 6. Carbon dioxide production of termite mounds on burnt sites . 
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CHAPTER 8 
ABUNDANCE OF TERMITES IN THE SOIL OF AUSTRALIAN SAVANNA 
Abstract 
Deep soil cores were taken in three vegetation types at Kapalga, Northern Territory, at 
various times throughout the day during the dry season. Termites were hand sorted from the 
cores. Presences and absences in samples were used to assess termite abundance using 
logistic regression. Abundance of termites in the soil varied diurnally, with minimum abundance 
during mid afternoon. Maximum abundance was predicted during the night but not measured 
directly. Abundances also differed among the vegetation types, being highest in woodland , 
lowest in grassland and intermediate in open forest. Estimates of maximum abundance (130 to 
210 termites m-2) are higher than those from most other studies from dry areas but lower than 
those from wet areas. Sampling methods for termites in the soil are also discussed. 
Introduction 
Termites are thought important in tropical and sub-tropical ecosystems. They contribute to 
the flows of energy and nutrients (Peakin & Josens 1978 ; Wood & Sands 1978). They modify 
the soil and soil processes (Lee & Wood 1971 b ; Lobry de Bruyn & Conacher 1990). They 
consume a wide variety of plant materials, live or dead, and are in turn consumed by ants , 
reptiles and mammals (Calaby, 1960; Gay 1970; Wood & Sands 1978; Morton & James 1988; 
Kok & Hewitt 1990) . This range of potential influences of termites on different parts of the 
ecosystem has led to a number of studies of termite ecology (reviewed by Wood & Sands 1978; 
Wood 1988; Lobry de Bruyn & Conacher 1990). Most of these studies concentrate on termites in 
mounds. Relatively few have included the termites in the soil despite recognition of their possible 
importance long ago (Sands 1972). 
Of the studies on termites in the soil , most have been concerned with the total abundance 
of termites and/or species composition. Differences in these parameters have been observed 
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between cultivated and uncultivated areas (Wood et al. 1977; Wood et al. 1982; Kooyman & 
Onck 1987b), between areas with different natural vegetation types (Wood et al. 1977; Hosny & 
Said 1980; Ferrar 1982a, c, e; Wood et al. 1982; Abensperg-Traun & De Boer 1990) , and 
between areas with different soil water availabilities (Wood et al. 1982). Changes in 
subterranean termite populations have also been observed over time at one place. These 
changes have been related to soil moisture, temperature and the diurnal cycle (Sands 1965a; 
Nel et al. 1970; La Fage et al. 1976; Ohiagu & Wood 1976; Ohiagu 1979b; Lepage 1974). 
This chapter reports studies on the abundance of termites in the soil of relatively unmodified 
savanna in Australia, particularly related to vegetation, the soil water table and the time of day. 
The interest is threefold. First, the area has not been studied in detail before : termites in the 
soil have been sampled only qualitatively during a general faunal survey (Braithwaite et al. 1988) , 
Second, Australian savanna is unlike savanna elsewhere in the world in lacking abundant , 
indigenous, mammalian herbivores (Ruess 1987). Third, the study complements extensive 
studies on distribution of mound-building termites, their activities within the mound and their 
relationship to other components of the ecosystem in Kakadu National Park (Chapters 2, 3, 6, 7) . 
Methods 
Study Area 
The study was conducted in natural savanna near the north coast of the Northern Territory. 
A general description of the area has been given by Story et al. (1969) . Climate is monsoonal : 
there is little precipitation and low humidity from May to September, heavy precipitation and high 
humidity from November to March and transitional periods in October and April (McAlpine 1969, 
1976). The region consists of gently undulating erosional plains cut across folded lower 
Proterozoic sedimentary, metamorphic and intrusive rocks with a few steep ridges of more 
resistant rock and extensive seasonal swamps along major watercourses (Story 1969). Soils are 
gradational , red or yellow-red, sandy or gravelly on late rite (Hooper 1969). 
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The study was conducted at Kapalga (12°20' to 45'S, 132°1 O' to 30'E) an area within 
Kakadu National Park set aside for scientific research and managed by CSIRO. One site of 50 
m square was located in each of grassland, woodland and open forest vegetation types within 
catchment "B". Detailed descriptions of these vegetation types, including the sites used in this 
study have been presented elsewhere (Chapter 2, Appendix 1 ). Briefly, the grassland site is in a 
shallow valley near a small seep where water is present over most of the dry season. 
Vegetation is very open with scattered Pandanus spiralis R.Br., Syzygium suborbiculare (Benth.) 
Hartley & Perry, Xanthosternon paradoxus F. Muell. and Verticordia cunninghamii Schauer over 
mostly low perennial grasses. The woodland site is in a slight depression where drainage is 
impeded but free water is not normally present. Vegetation is more dense than on the grassland 
site but still open, consisting of Melaleuca spp., Gardenia megasperma F. Muell. and V. 
cunninghamii over the tall annual grass Sorghum stipoideum (Ewart & J.W. White) C. Gardener 
& C.E.Hubb.. The open forest site is level, well drained and covered by a low open forest of 
Eucalyptus miniata Gunn. ex Schauer and E. tetrodonta F. Muell.. The understorey consists of 
both S. stipoideum and perennial grasses such as Heteropogon triticeus R.B. Stapf .. 
Termite sampling 
Deep, small soil cores were used to sample the termites in the soil as in most recent studies 
(Table 1 ). There are three reasons this method was chosen over the alternatives of baiting and 
large, shallow soil samples. First, the estimates of termite abundance are independent of the 
depth of termites and their rate of movement in the soil. This avoids the problems of methods 
using baits on or near the soil surface in which estimates depend on the number and rate of 
movement of termites near the soil surface. Shallow samples over large areas suffer a similar 
bias. The second reason for the choice of method was because cores of small surface area 
cause minimal disturbance, thus allowing other measurements on the site. Shallow samples of 
large surface area cause considerably more disruption. The third reason for the choice of 
method was because cores of small surface area use presences or absences of termites in the 
cores. Such binary data provides estimates of abundance which are not biased by the area of 
cores taken. With large samples of large surface areas, the sample area must be larger than any 
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aggregation of termites because otherwise estimates of density will vary enormously, depending 
on whether the sample hits an aggregation or not. Sampling methods and the statistical theories 
behind them have been discussed more extensively elsewhere (see references in Table 1; also 
Josens 1972; Sands 1972; Haverty & Nutting 1975, Haverty et al. 1976; Appendix 5). 
Samples were taken at irregular 10 to 30 minute intervals throughout daylight hours in 1987 
on September 1 to 4 (grassland site), August 13 to 14 (woodland site) and August 27 to 28 (open 
forest site). Samples were taken only during daylight because good artificial light for sorting was 
unavailable, positions for cores were difficult to locate at night and there were problems with 
safety. Exact time of each sample was recorded for use in the harmonic part of the regression. 
On the basis of preliminary estimates of density, 60 samples were taken at the grassland 
site, 30 at the woodland site and 35 at the open forest site. Positions for samples were chosen 
to the nearest 0.1 musing a table of random numbers (Fisher & Yates 1952). Positions were 
located using measuring tapes laid around the perimeter and across the site. Exact positions 
were determined using a graduated pole to measure offsets from the tapes. 
Soil samples were taken using an auger of 1 O cm diameter, modified so that the soil core 
was completely enclosed and escape of termites prevented. Samples were taken to a depth of 
60 cm. Beyond this depth laterite was frequently encountered which made rapid sampling 
impossible. Samples were taken as quickly as possible to minimize the chances of termite 
escape: cores generally required less than 30 seconds to take. 
Soil from cores was deposited immediately in a tray 46 by 37 cm and 11 cm deep, forming 
a layer 3 to 5 cm deep. The soil was then hand sorted for termites , a relatively easy task 
because the soil was very sandy. Any termites found were fixed in 70% alcohol. 
The rationale for this sampling strategy is discussed briefly in Appendix 6. 
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Statistical Analysis 
The presence or absence of termites in each soil sample was analysed by harmonic logistic 
regression (Bliss 1958; McCullagh & Nelder 1983). Harmonic analysis was used after initial 
inspection of the data indicated a possible diurnal cycle because it is the simplest cyclic curve . 
This analysis converts time of day into a circular angle and fits a cosine curve with wavelength of 
one revolution to log it transformed data (the logarithm of: the proportion of cores containing 
termites divided by the proportion of cores not containing termites). The error distribution is 
binomial. All analysis was computed using Genstat 5.02 (Payne et al. 1987). 
Results 
Frequency of cores containing termites at each site for each three hourly interval of the day 
are presented in Figure 1. Of the 23 samples containing termites, 19 contained one individual. 
The remaining cores contained 2, 3, 5 and 23 termites respectively. 
The cosine curve provided a reasonable fit to the data (R2 = 0.37; df = 4,120; P(Ho) = 0.007) . 
Probability of finding any termites in a sample was related to the time of day (F = 5.08; df = 
2,120; P = 0.008) and differed among sites (F = 4.38; df = 2,120; P = 0.015). The fitted 
regression is presented in Figure 2, with an additional scale of the number of termites per square 
metre equivalent to the probability of finding termites in a single sample. 
The equations for the curves are: 
N = P. n/A 
where N = number of termites per square metre, 
n = mean number of termites per core (1.826), 
A= area of core in square metres (0.0079), 
P = probability of finding at least 1 termite in a sample ; 
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where B = fitted binomial coefficient ; 
B = s + a . cos ( (t - m)/12 x 1t) 
where s = regression constant for each site (-1.495 for grassland, 0.269 for woodland, -0.587 
for open forest). 
a = amplitude in termites per core ( = 1.802 from regression) 
t = time of day in hours (24 hour clock), 
m = time of maximum probability of finding at least 1 termite in a core ( = 2.683 hr) 
The time of minimum termite abundance was 14:41 CST (Central Australian Standard 
Time). At this time estimated termite densities were 9, 20 and 42 termites m-2 at the grassland, 
woodland and open forest sites respectively (95% confidence intervals 4 to 20, 9 to 45 and 18 to 
90 termites respectively). The maximum densities were estimated at 132, 178 and 206 termites 
m-2 for grassland, woodland· and open forest respectively at 02:41 CST. 
Discussion 
Termites sampled 
The termites sampled using soil cores may have come from several ecological groups. 
One is the group nesting and living permanently in the soil. Another group nests in trees but 
travels through the soil. A third group nests in mounds but travels and forages in the soil. The 
abundance in the soil of the first group will not change during the day, but all the other groups will 
change. 
Mound-building termites are probably important in the present observations for a number of 
reasons . Many of the termite species known from the area build mounds (Chapter 2). The time 
of maximum abundance of termites in the soil also coincides with the minimum activity in mounds 
j I 
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(Holt 1988; Chapter 7). Fewer termites in mounds during the day than during the night has also 
been observed elsewhere (Bouillon 1964; Sands 1965a). 
Diurnal changes in abundance 
The cosine curve fitted to the data by harmonic regression is not intended as a definitive 
expression of the exact form of the diurnal cycle in termite numbers within the soil. There is an 
infinite number of possible shapes for the curve, many of which would be difficult to distinguish 
without a very large number of samples. The cosine curve is merely the simplest of many 
possible cyclic curves. The main results - a diurnal cycle of termite abundance in the soil with 
differences between sites - should be little altered by the exact shape of the curve fitted to the 
data, because the cosine curve fits the data reasonably well. 
The diurnal changes in termite abundance in the soil recorded here fit with less detailed 
observations made elsewhere (Ohiagu & Wood 1976; Ohiagu 1979a; Lepage 1981a). The 
diurnal pattern may be related to humidity. The only previous study on diurnal abundances of 
termites in the soil found that the time of maximum abundance changed from early in the 
darkness of morning during the dry season, to the afternoon during the wet season (Lepage 
1981 a). The change was attributed to humidity remaining high throughout the day during the 
wet season rather than decreasing during daylight as occurs during the dry season. Studies of 
seasonal abundance have also found most termites in the soil when soil moisture or humidity 
were high (Nel et al. 1970; La Fage et al. 1976; Ferrar 1982d; Abensperg-Traun & De Boer 
1990). However, all these studies were by shallow soil sampling or baiting, and so the 
differences may be merely related to changes in the depth of termites in the soil (Lepage 1974). 
Comparison of abundance in different areas 
Diurnal and seasonal changes in the abundance of termites in the soil mean that . 
comparisons between different areas must be qualified by the time samples were taken . When 
samples taken at similar times of the day only are compared , the maximum abundances of 
termites in the soil of Australian savanna are higher than those from most other dry situations 
(Table 1 ). The maximum abundances are, however, lower than those from wetter situations 
(Table 1 ). 
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It is surprising, therefore, that termites are least abundant at the grassland site, the wettest 
of the sites. Perhaps this is associated with the frequent flooding of the grassland during the wet 
season: termites may be unable to forage when the site is flooded. Reduction of termite 
abundance in soil cores during and after heavy rain has been observed elsewhere (Lepage 
1981 a; Kooyman & Onck 1987 a). The woodland site, the next wettest site but not subject to 
prolonged flooding, may be closer to the ideal moisture regime for termite activity in the soil as 
evidenced by the highest abundance of termites. As expected from the moisture-abundance 
hypothesis, the driest site - open forest - had a lower abundance of termites than the woodland. 
One site in each vegetation type is insufficient, however, to make definite conclusions about 
general differences in termite abundance between vegetation types. Likewise data from other 
times of the year and over the night are also needed before general statements can be made. 
Given the high abundance of termites in the soil of Australian savanna, more study is warranted. 
Table 1. Estimates of the abundance of termites In the soll. 
Density of termites Method Sample area 1 Sample depth Time of day Time of year Study area Reference (number m-2) (cm2) (cm) 
0 soil sample 44 18 midday dry season Acacia savanna, Nylsvfey, South Africa Ferrar 1982d 9 soil sample 79 60 2:41pm dry season savanna grassland, Kapalga, N.T., Australia This study 20 soil sample 79 60 2:41pm dry season open forest savanna, Kapalga, N.T., Australia This study 31 soil sample 10 000 10 night summer ( dry) mallee, Kelleberrin, Western Australia Abensperg-Traun & De Boer 1990 35 soil sample 10 000 10 night summer (dry) woodland, Kelleberrin, Western Australia Abensperg-Traun & De Boer 1990 36 soil sample 10 000 10 night summer (dry) heath, Kelleberrin, Western Australia Abensperg-Traun & De Boer 1990 42 soil sample 79 60 2:41pm dry season savanna woodland, Kapalga, N.T., Australia This study 65 bait 
-
-
- all year desert, Egypt Hosny & Said 1980 70 bait -
- - after rainfall desert, U.S.A. La Fage et al. 1976 132 soil sample 79 60 2:41pm dry season savanna grassland, Kapalga, N.T. Australia This study 149 soil sample 44 18 midday dry season broadleaf savanna, Nylsvley, South Africa Ferrar1982d 179 soil sample 79 60 2:41am dry season open forest savanna, Kapalga, N.T. Australia This study 206 soil sample 79 60 2:41am dry season savanna woodland, Kapalga, N.T., Australia This study 326 soil sample 10 000 10 night spring (wet) heath, Kelleberrin, Western Australia Abensperg-Traun & De Boer 1990 625 soil sample 10 000 10 night spring (wet) mallee, Kelleberrin, Western Australia Abensperg-Traun & De Boer 1990 805 soil sample 44 18 midday wet season Acacia savanna, Nylsvley, South Africa Ferrar 1982d 1031 soil sample 10 000 10 night spring (wet) woodland, Kelleberrin, Western Australia Abensperg-Traun & De Boer 1990 1000 to 4000 soil sample 50 40 I all crops, Kisii district, Kenya Kooyman & Onck 1987a -1000 to 4000 soil sample 79 100 
- all riparian forest Wood et al. 1982 
..... 
<.O 
..... 
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Figure 1. Proportion of samples containing termites 
for each 3 or 4 hr period of the day. 
Numbers above columns show number of cores on which proportion is based. 
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CHAPTER 9 
ANTS (HYMENOPTERA, FORMICIDAE) IN TERMITE (ISOPTERA) CONSTRUCTIONS 
IN AUSTRALIAN SAVANNA 
Abstract 
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The occurrence of ants - possibly the major predators of termites - in the constructions of 
termites was investigated in 1200 termite constructions, located in three different types of 
savanna in the Northern Territory, Australia. Also investigated were the changes in occurrence 
of ants in termite structures that occurred over two years under three different frequencies of 
early dry season fire. 
At least 13 species of ants were found in the 10% of termite structures containing ants . 
Most were in the larger structures. A higher proportion of termite structures contained ants in 
grassland savanna, which was prone to seasonal flooding. However, there were no differences 
in the number of termite structures containing ants among different savanna types. Over the two 
years of study the number of structures containing ants increased in grassland and decreased in 
open forest, perhaps as a result of water availability. Frequent fires also increased the number of 
structures containing ants, perhaps the result of stress in the termite colonies induced by the fires 
or the absence of food sources other than termites for the ants after the fires . 
Introduction 
Termites and their constructions are very abundant in most of the world 's savannas (Wood 
1988) . However, termites may be especially important in Australia, where harvester termites may 
fill part of the niche which on other continents is occupied by grazing mammals (Ruess 1987; 
Chapter 5) . Ants are also very abundant in Australian savanna, and the Kakadu region has a 
very high diversity of ants (Greenslade 1985). 
Ants are frequently observed in termite constructions (Hill 1922; Wheeler 1918, 1936; 
Wood & Lee 1971; Holt & Greenslade 1979; Holt 1990). However, the frequency of ants in 
termite constructions may vary considerably among different vegetation types (Wood & Lee 
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1971; Holt & Greenslade 1979; Holt 1990). Intensified competition between termite colonies may 
also change the number of termite structures containing ants (Wood & Lee 1971). The 
relationship between the ants and termites may also change under some conditions. Certain 
ants, particularly in the widespread, abundant genus lridomyrmex have been observed to overrun 
and hasten the death of termite colonies (Hill 1922; Wood & Lee 1971). Recent studies have 
shown that this may not be the norm (Holt & Greenslade 1979; Holt 1990). Indeed, invasions 
fatal to the termite colony may occur mostly where termite colonies are under stress from clearing 
and grazing (Wood & Lee 1971 ). Fires may cause similar stress in termites (Chapters 4, 5). 
This chapter reports a study of the factors which determine the frequency of ants within 
termite structures. The genera of most of the ants involved are listed, the frequencies of ants in 
termite structures within different savanna types are contrasted, and the changes which occurred 
over two years under three different fire frequencies are compared. Finally, the death ·rate of 
structures occupied by ants is investigated. 
Materials & Methods 
Study Area 
The study was conducted in natural savanna near the north coast of the Northern Territory 
at Kapalga (12°20' to 45'S, 132°1 0' to 30'E), an area within Kakadu National Park set aside for 
scientific research . A general description of the area has been published by Story et al. (1969) 
and a specific description by Hedda (Chapter 2, Appendix 1) Climate is monsoonal , with little 
precipitation and low humidity from May to September, heavy precipitation and high humidity 
from November to March and transitional periods in October and April (McAlpine 1969, 1976). 
The region consists of gently undulating erosional plains cut across folded lower Proterozoic 
sedimentary , metamorphic and intrusive rocks with a few steep ridges of more resistant rock and 
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extensive seasonal swamps along major watercourses (Story 1969). Soils are gradational, red 
or yellow-red, sandy or gravelly on laterite (Hooper 1969). 
Within the 300 km2 of Kapalga from which buffalo have been excluded since 1982, 21 sites 
from eight catchments were chosen for study from 36 previously surveyed sites (Chapter 2) . 
Sites were chosen on the basis of accessibility during the wet season and fire history. All sites 
were burnt by wildfire in September 1986. Six sites were also burnt in 1987 and 1988, six sites 
were burnt in 1987 only, and nine sites were not burnt again (Figure 1). The 1987 and 1988 fires 
were deliberately lit during the 2nd week of June. 
Within each of these fire regimes sites were chosen in three vegetation types. Detailed 
descriptions of these vegetation types and the sites used in this study have been presented 
elsewhere (Chapter 2). Briefly, the sites were square with side 50 m. Grassland sites are in 
shallow valleys near small seeps where water is present over most of the dry season. 
Vegetation is very open with scattered Pandanus spiralis R.Br., Syzygium suborbiculare (Benth.) 
Hartley & Perry, Xanthostemon paradoxus F. Muell. and Melaleuca spp., over mostly low 
perennial grasses. The woodland sites are in slight depressions where soil drainage is impeded 
but surface water is not normally present. Vegetation is more dense than at the grassland site 
but still open, consisting of Melaleuca nervosa (Lindley) Cheel over low annual grasses. The 
open forest sites are level, well drained and covered by a low open forest of Eucalyptus miniata 
Cunn. ex Schauer and Eucalyptus tetrodonta F. Muell .. The understorey consists of tall grasses 
such as Sorghum stipoideum (Ewart & J.W. White) C. Gardener & C.E. Hubb. and Heteropogon 
triticeus (R.Br.) Stapf .. 
Soil characteristics are broadly correlated with vegetation types and have been described in 
detail elsewhere (Chapter 2, Appendix 1 ). Briefly, grassland occurred on deep grey soils of 
loamy sand grading down the profile into sand to clayey sand. Woodland occurred on shallower, 
lighter coloured soils of similar texture. Open forest occurred on yellow-red soils of loamy sand 
to sandy clay loam grading down the profile into clayey sand to sandy clay loam. 
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Termite data was collected from these sites between June and August 1987 and has been 
fully described in another chapter (Chapter 2). Mound volume was used in analyses because it 
is a good measure of termite populations, energy consumption and production of reproductives 
(Chapters 5, 6, 7, Appendix 2). 
Collection and recording of ants 
All occurrences of ants were recorded during surveys of every termite structure on the study 
sites during June to August 1987 and July 1989 (Chapters 2, 4). Ants were recorded as present 
if found inside termite structures during collection of termites or if entrance holes were visible. 
Ants entering the structure after it had been disturbed were ignored. Ants were collected where 
possible for positive identification and identified with the assistance of Dr A.N. Anderson & Ms 
J.A. Mccutcheon (CSIRO Division of Wildlife & Ecology, Darwin). 
Results 
At least 13 species of ants were found, with lridomyrmex purpureus Sm. sensu Jato and 
Opisthopsis sp. the most common (Table 1). Ants were found in 118 termite structures in 1987 
and in 129 structures in 1989, out of about 1200 structures sampled on each occasion. Most 
ants were in the large, free standing mounds generally occupied by harvester and forager 
termites. 30% of structures containing ants were unoccupied by termites. 
In 1987, ants were in a larger proportion of termite structures in grassland than in the other 
two savanna types (Table 2). There was no difference in the number of structures containing 
ants in the different savanna types (Table 3) . In 1989, the number of termite structures 
containing ants was directly related to the number containing ants in 1987 (F = 9.6-3 ; df = 1, 11 ; P 
= 0.01), but was also influenced by fire frequency (F = 3.84 ; df = 2,11 ; P = 0.05) and vegetation 
type (F = 4.97; df = 2,11; P = 0.03) (Figure 1) . 
When termite structures were opened to collect termites, many of the ants attacked the 
termites, however of 78 termite structures containing both ants and termites in 1987, 61 still 
contained termites in 1989, a rate of termite disappearance of 22%. 
Discussion 
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The 13 taxa of ants identified at Kapalga should be regarded as preliminary since the 
collection of ants was not intended to be taxonomically exhaustive, rather to obtain an overview 
of interactions between ants and termites. Hence it is not surprising that only 13 taxa were 
definitely identified at Kapalga, compared to 21 species found in the mounds of Amitermes 
laurensis (Mjoberg) in north Queensland (Holt & Greenslade 1979). The separation of species is 
also preliminary at present, so further investigation may reveal more species than those listed. 
More ant taxa may also have been found by more thorough, destructive sampling of the termite 
structures. In north Queensland many mounds contained more than one species of ant, but at 
Kapalga only the most abundant were recorded and collected. There was also a smaller 
proportion of mounds containing ants at Kapalga than in north Queensland, where 50 to 100% of 
mounds contain ants (Hill 1922; Wood & Lee 1971; Holt & Greenslade 1979; Holt 1990). This 
may also contribute to the smaller number of ant species at Kapalga. 
The low proportion of harvester and forager mounds containing ants at Kapalga may be 
associated with the undisturbed state of the ecosystem. In north Queensland the highest 
percentages of mounds containing ants - 70 to 100% - were found in cleared, heavily grazed 
areas (Wood & Lee 1971; Holt & Greenslade 1979). However only 50% of mounds contained 
ants in "undisturbed" areas of north Queensland (Wood & Lee 1971). Since even "undisturbed" 
areas of north Queensland have had higher levels of human activity for much longer than 
Kapalga, lower percentages of mounds containing ants may be expected at Kapalga. 
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The higher incidence of ants in harvester and forager termite mounds in grassland may be 
related to the need for dry nesting sites by the ants. Grassland is prone to inundation during the 
wet season and termite mounds provide much of the available high ground. 
The greater number of structures containing ants in grassland and lesser number in open 
forest also suggest that inundation during the wet season may be important. Availability of soil 
moisture during the dry season may also be involved since it too is greatest in grassland and 
least in open forest. 
The greater number of structures containing ants after fire may be related to decline in 
vigour of the termite colonies. Harvester and forager termites consume less grass and litter after 
fire and the volumes of their structures decrease (Chapters 4, 5) . Hence termite colonies may 
occupy less space within their structures, with the excess occupied by ants. Alternatively the 
termites may be less able to repel incursions by ants. Another possibility is that ants attack 
termites more after fires, because other food sources have largely disappeared. 
Whether there is an increase in predation by ants on termites associated with the observed 
changes in occupation rates of ants in termite structures remains uncertain because the 
observations made at Kapalga suggest that most ants are opportunistic predators on termites. 
The rate at which termites disappeared from structures containing both termites and ants was 
actually lower than the general turnover rate of termite colonies of 35% (Chapter 2). However, 
the structures may not have been representative of termite mounds as a whole . Small mounds 
may have been killed by ants, then evacuated by the ants quickly, whereas depopulation of large 
mounds may take longer, and hence large mounds containing both ants and termites be more 
frequently observed. 
The present observations accord with other recent observations that mounds of Amitermes 
sp. apud. vitiosus and A. laurensis frequently survive attacks by ants (Holt 1990; Appendix 3). 
The present observations contrast with earlier observations that where ants occupy termite 
l· 
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colonies, the colony is inevitably killed (Hill 1922). The amount of opportunistic predation by ants 
on termites, and its relationship with ants occupying termite structures, still remain to be 
determined. More information on the distribution and ecological requirements of ants, their 
behaviour and detailed observation over frequent, short time intervals of the process of termite 
colony invasion may assist. 
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Table 1. Preliminary list of ant taxa found In termite constructions In the Kakadu Region. 
Taxon 
Opisthopsis sp. 
lridomyrmex purpureus (sensu Jato) 
Unidentified sp. "black" 
Unidentified sp. "red" 
Camponotus sp. "dark" 
lridomyrmex sp. "pale" 
Odontomachussp. 
Solenopsis sp. 
Crematogaster sp. 
Unidentified sp. "gold" 
Camponotus sp. "pale" 
Oecophylla sp. 
Paleo/eris sp. 
Unidentified 
number of structures in which found 
1987 1989 
34 4 
28 27 
11 2 
9 12 
11 9 
7 2 
3 0 
2 1 
0 3 
0 3 
1 2 
2 0 
0 1 
10 5 
Table 2. Proportion of termite structures containing ants. 
Vegetation type 
grassland 
woodland 
open forest 
LSD at P<0.05 
proportion of structures 
containing ants 
0.185 
0.076 
0.065 
0.048 
F = 9.26 
df = 2,33 
P < 0.001 
Table 3. Number of termite structures containing ants. 
Vegetation type 
grassland 
woodland 
open forest 
LSD at P<0.05 
number of structures 
containing ants ( no ha-1) 
27.5 
12.6 
25.2 
0.048 
F = 0.88 
df = 2,16 
P = 0.43 
(log transformed, no > 0) 
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Figure 1. Number of termite structures containing ants in 1987 and 1989. 
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CHAPTER10 
CONCLUSION 
The aim of the studies described in this thesis was to determine how termites interact with 
the other parts of the ecosystem at Kapalga, Kakadu National Park, Northern Territory, Australia 
(Chapter 1 ). Within this general topic, emphasis was focussed on termites building structures 
above ground that consumed herbaceous vegetation or non-woody litter, and their interactions 
with vegetation, buffalo and fire (Chapter 1 ). The studies described in parts 2, 3 and 4 showed 
that vegetation, buffalo and fire all had influences on some aspects of termite distribution, 
abundance, consumption and outputs. In this chapter a general model of the interactions of 
termites with the rest of the ecosystem is proposed, incorporating the effects of water, buffalo, 
fire, vegetation and other factors on termites (Figure 1). 
In the proposed model materials flow into termite colonies in two forms: soil for construction 
and food for consumption (Figure 1 ). Materials flow from the termite colonies in four forms: soils 
eroded from constructions, gases respired from individual termites and associated micro-
organisms, termites themselves taken as prey by other organisms, and winged reproductives 
(alates) dispersing from a colony. All these flows are influenced by the distribution, abundance , 
size and level of activity of termite colonies which, in turn, may be influenced by stochastic 
events, fire , buffalo, water, food, vegetation or soils. The evigence for this model and the way it 
applies at Kapalga are discussed below. 
When distribution, abundance , size and level of activity of structures built by individual 
species of termite are considered, chance events seem to be important. Distribution of most 
species was very sporadic and the patterns observed accounted for only about half the total 
variation (Chapter 2) . However, many of the most abundant species had distribution, abundance 
or size of colonies related to the general vegetation type or specific food resources (Chapter 2), 
and may also have been influenced by presence or absence of buffalo (Chapter 3) . These 
relationships were similar for species with the same general food sources, for 
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example Tumulitermes sp. A and Amitermes laurensis (harvesters), or Microcerotermes boreus, 
M. nervosus and Coptotermes acinaciformis (wood eaters) (Chapter 2). 
When all species with similar food sources are considered as a group, chance events had 
less influence and clearer relationships with fire, buffalo, general vegetation type and specific 
food resources emerged (Chapters 2, 3, 4). These relationships were similar to those observed 
in the individual species within the group, but were more amenable to analysis (Chapters 2, 3, 4) . 
Food, particularly perennial, herbaceous monocots, had a major influence on distribution, 
abundance, size and level of activity of harvester termites (Chapter 2). Hence fire, which 
removed 90% of the biomass of perennial monocots, caused a decrease in the size of harvester 
termite colonies (Chapter 4). The presence of buffalo, which may also consume perennial 
monocots, may also cause fewer harvester termite structures (Chapter 3) . Buffalo may also 
cause replacement of perennial monocots by weeds through trampling or grazing, and so may 
influence harvester termites in this way as well (Chapter 3). 
The importance of perennial grasses as food for harvester termites during the dry season 
was confirmed by measurements of consumption, which showed that perennial monocots were 
generally consumed in preference to annual monocots (Chapter 5) . Changes in consumption 
influenced the production of alates and respiration rate of colonies in at least one species -
Tumulitermes pastinator, as described below (Chapters 6, 7) . 
Most material consumed went into metabolism and left the structures of T. pastinator as 
respiratory products (Chapter 7) . For individual structures, size was the main determinant of the 
rate of respiration: availability of food had no effect on size specific respiration rate at the times 
measured (early in the dry season and in the mid-wet season)(Chapter 7) . Respiration rate may 
have been reduced later in the dry season when food shortage was more critical , however this 
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was not measured. As the number and size of structures occupied by harvester termites 
changed when less food was available, net respiration from termite structures per unit land area 
may have been reduced when less food was available (Chapter 4). A small amount of the 
material consumed went into producing alates (Chapter 6). When food was less available, 
production of alates was greatly increased (Chapter 6) . Predation by ants may also have been 
increased when less food was available (Chapter 9) . However, overall colony metabolism 
(respiration) was maintained during food shortage, at least early in the dry season (Chapter 7). 
A summary of the flows into and out of all harvester termite mounds is presented in Figure 
2, which attempts to integrate the material contained in this thesis with existing knowledge into a 
complete schema of the role of termites in Australian savanna. The values for pools and flows of 
carbon are estimates only, and are subject to the following assumptions. 
- Distribution of termite mounds is as described (Chapters 2, 3 & 4). 
- The carbon content of the grass and litter is 0.40 (G .D. Farquhar, Research School of Biological 
Sciences, A.N.U., pers. comm.). 
- The rate of consumption (Chapter 5) by termites is the same all year. 
- The mean carbon content of the soil material in all termite mounds is the same as that of the 
species described by Lee & Wood (1971 b) . 
- The biomass of termites per unit mound volume is similar in all species (Goffinet 1976; 
Matsumoto 1976). 
- Mean carbon content per termite is similar to that of other species (Heb rant 1970 ; Matsumoto 
1976) . 
- Colony composition is similar in all species (Hebrant 1970; Ferrar 1982b; d ; Josens 1982a; 
Darlington & Dransfield 1987). 
- The respiration rate per unit mound volume is similar to that of T. pastinator (Chapter 7) in all 
species of harvester termites . 
- The respiration rates on the days measured (Chapter 7) were representative of the seasons in 
which they were taken. 
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- The production of alates per unit mound volume is similar to that of Tumulitermes pastinator 
(Chapter 6) in all species of harvester termites, and the carbon content of alates is the same in 
all species (Chapter 6). 
- Soil material is washed off the mounds of all species at the rate described for mounds of 
Amitermes laurensis relative to precipitation (Bonell et al. 1986). 
These assumptions may be very tenuous, but mostly concern carbon contents of various 
components of the termite-mound system, which was a major focus of the IBP programme 
(summarised by Wood & Sands 1978). In the absence of any other data these assumptions are 
necessary to obtain indicative estimates of the flows into and out of harvester termites at the 
study location. Other studies which have attempted to measure the interactions of termites and 
the ecosystem have been often based on similar assumptions, so some indicative, tentative 
comparisons may be drawn. 
The estimates of pools and flows shown in Figure 2 reveal both similarities and differences 
with termites and ecosystems elsewhere. A main difference is in the amount consumed by 
termites, which is higher than in many other savannas (Lepage 1981 a, b; Collins 1981 a, 1982; 
Ferrar 1982c, d; Lamotte 1982; Hewitt et al. 1990; Van Biljoen & Hewitt 1990). The amount is 
lower than in some more humid environments but higher than in others (Maldague 1964; Wiegert 
1970; Matsumoto 1976). The hypothesis of Ruess (1987) that termites are more important in 
Australian savanna than elsewhere is thus generally supported. The fate of the material 
consumed is similar to that observed elsewhere, with most being channelled into metabolism and 
respired rather than put into either sterile or alate termite biomass (Lepage 1972; Butler & 
Buckerfield 1979; Darlington 1982; Josens 1982a). 
The differences in the distribution, abundance and flows of material into and out of 
harvester termites with vegetation , buffalo or fire may have important effects for the ecosystem. 
The effect on predatory ants occupying termite mounds may be rapid (Chapter 9), but most of the 
major effects termites may have on the ecosystem are slower and involve soil properties (Arshad 
I, 
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1981, 1982; Elkins & Whitford 1982; Bagine 1984; Elkins eta!. 1986; Jones 1990). In particular, 
there is considerable evidence that the influence of termites on soil nutrients and structure may 
be important in Australia (Lee & Wood 1971 a, b; Williams 1978 ; Holt & Coventry 1981; Okello-
Oloya et al. 1985; Spain & Okello-Oloya 1985; Okello-Oloya & Spain 1986; Coventry et al. 1988; 
Spain & Mcivor 1988). Hence, studies on soil properties in sites where harvester termite 
abundance may have changed as a result of fire or buffalo may prove interesting, but were 
beyond the scope of the present study. 
Less detailed information was obtained for the forager termites, which consume fallen 
herbaceous vegetation and litter, than for the harvesters. However, the main influences on 
distribution could be determined, and food was again important (Chapters 2, 3, 4). Fire was not a 
major influence, because litter was replaced rapidly from the canopy after fires, in contrast to 
standing monocots which were not replaced until the next wet season (Chapter 5). Vegetation 
type was very important, because litter fall was almost certainly correlated with canopy cover and 
canopy cover was very different in the different vegetation types (Chapters 2, 5). Buffalo may 
have been important, perhaps through their effect on vegetation (above), or perhaps through 
provision of an additional food source for forager termites, viz dung (Chapter 3). 
Termites consuming woody litter were very variable in distribution and abundance and 
hence little could be concluded about influences upon them (Chapter 2) . Wood-eating termites 
were strongly influenced by their food as well : vegetation type had a very strong influence on 
distribution and abundance (Chapter 2); and fire also had an effect, probably related to the ability 
of termites to reach the wood beneath the bark after it had been scarred (Chapter 4) . 
Water, in the form of lower than average precipitation, seemed to affect all groups of 
termites although whether this was a direct influence or was operating via vegetation or food was 
uncertain (Chapter 4). Water may affect distribution and abundance of termites on a larger scale 
than the present study, where differences in precipitation are more marked, for example Kapalga 
(precipitation c1300 mm yr1) and Katherine 300 km away (precipitation cSOO mm yr1). Soils 
may also affect termite distribution and abundance on larger scales than the present study, as 
has been observed by others (eg Lee & Wood 1971b; Hott et al. 1980). 
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Figure 1. A conceptual model of pools and flows of materials into and 
out of termites, and the major influences on these flows in 
Australian savanna 
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Figure 2. Distribution of carbon in harvester and forager termite colonies 
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APPENDIX 1 
DESCRIPTION OF STUDY SITES 
~ =~- ~-= ~-==- -~- __ - __ - . .-: :..i:--= -- -.:.. . - - - ,:.:;: 
Table 1. Number of Individuals of abundant species of trees and shrubs occurring on the study sites (species with >90 Individuals). 
Species Vegetation type 
Catchment Catchment Catchment 
a b C e f g h I m p q s a b C e f g h I m p q s a b C e f g h I m p q s 
Eucalyptus miniata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 0 3 0 2 33 46 27 46 93 14 30 120 31 22 48 
Eucalyptus tetrodonta 0 4 2 0 2 0 0 0 0 0 0 0 0 22 7 9 21 22 8 5 0 0 0 0 22 30 25 23 78 128 30 26 73 17 31 59 Melaleuca nervosa 99 4 3 0 35 7 17 109 0 5 19 13 175 0 3 2 13 9 14 26 0 0 1 98 0 0 0 0 0 0 0 0 0 0 0 0 E rythrophleum chloros tachys 0 0 8 6 0 11 0 0 0 0 29 0 0 1 0 0 0 4 0 0 0 2 0 0 5 13 3 15 0 3 24 0 3 25 16 0 Xanthostemon paradoxus 0 30 31 16 22 3 0 0 0 0 1 2 46 0 0 2 4 20 0 15 4 0 1 0 0 0 0 0 3 12 0 0 0 0 0 25 Planchonia careya 0 8 10 3 0 38 34 6 0 1 14 0 2 6 4 0 0 64 4 0 6 0 19 8 3 2 0 2 0 2 3 8 6 0 2 1 Terminalia ferdinandiana 0 1 1 19 0 1 0 0 0 0 2 0 0 1 0 0 0 1 0 0 0 0 0 0 18 4 5 13 4 7 7 2 0 8 0 1 Pandanus spiralis 1 3 2 0 1 8 23 13 43 29 69 0 5 0 0 0 4 23 0 5 20 1 3 27 0 0 0 0 0 0 0 0 2 0 0 0 
I\.) 
-A. 
~ 
Table 2. The plant communities defined In this study and corresponding categories In other studies 
This study Schodde et al. 1986 Taylor & Dunlop 1985 Burgman & Thompson 1982 Story 1976 
Open forest Open forest Eucalyptus open forest Eucalyptus miniata Tall open forest 
Mixed eucalypt Mixed open forest 
Woodland Woodland Eucalyptus woodland Mixed eucalypt type 1 Woodland 
Mixed eucalypt type 2 Stunted woodland 
Grassland Myrtle-Pandanus Margin woodland Upper floodplain fringe Pandanus scrub 
savannah Mixed fringing communities 
N 
...... 
0, 
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Table 3. Soils of the study sites (described in collaboration with H Keith). 
Soil characteristic catchment 
a b C e f g h m p q s 
grassland 
hue• 10YR 10YR 10YR 10YR 5YR 10YR 10YR 5YR 10YR 10YR 10YR 10YR 
value/chroma• 5/2 4/2 4/2 4/4 5/2 3/2 4/2 4/3 3/2 3/2 3/2 3/2 
texture .. LS LS LS SCLFS LFS FSL LFS LKS LFS FSL LS LFS 
transition zone• .. (cm) 40 40 15 15 30 25 30 30 30 
hue• 10YR 10YR 10YR 10YR 5YR 10YR 10YR 5YR 10YR 
value/chroma• 6/2 7/2 5/4 5/8 3/1 5/6 6/3 5/3 4/2 
texture .. KS FSC cs CKS KS FSC LC CKS LKS 
depth of laterite (cm) >60 >60 25 >60 >60 >60 >60 >60 >60 >60 >60 >60 
woodland 
hue• 7.5YR 7.5YR 10YR 10YR 10YR 10YR 10YR 10YR 10YR 10YR 10YR 10YR 
value/chroma• 4/0 5/2 5/1 4/2 4/1 4/2 4/2 3/2 3/1 4/3 4/3 3/2 
texture·· LS LS LS LFS LFS LS LS LS LS LS LS LS 
transition zone• .. 20 40 55 30 40 30 35 30 15 45 20 30 
hue• 7.5YR 10YR 7.5YR - 10YR 10YR 10YR 10YR 5YR 10YR 10YR 10YR 
value/chroma• 7/2 5/3 6/2 5/1 6/2 5/6 6/1 5/2 4/4 5/8 6/2 
texture•• CKS CKS CKS LS LKS cs CKS LKS cs FSC cs 
depth of laterite (cm) >60 >60 >60 30 >60 >60 >60 >60 >60 >60 >60 >60 
open forest 
hue• 10YR 10YR 10YR 10YR 10YR 10YR 7.5YR 7.5YR 10YR 10YR 2.5YR 10YR 
value/chroma• 4/1 4/2 4/3 4/2 3/4 4/4 4/4 4/4 4/2 3/2 3/2 4/3 
texture .. LS LS LS LS LS SCL SCL SCL- LKS FSL FSL LS 
transition zone• .. (cm) 25 20 20 15 10 25 25 30 30 30 20 10 
hue* 10YR 7.5YR 7.5YR 10YR 5YR 10YR 5YR 5YR 10YR 2.5YR 2.5YR 5YR 
value/chroma• 6/2 4/4 6/6 5/4 4/6 4/6 4/6 4/6 5/3 4/6 3/6 5/6 
texture .. CKS CKS CKS CKS cs CLS SC CKS cs SCL SCL cs 
depth of late rite (cm) >60 >60 40 >60 >60 >60 >60 >60 >60 >60 40 >60 
• 
- Munsell soil colour charts, Munsell Color Co. Inc., Baltimore 18, Maryland, U.S.A .. 
.. 
- textures : as per McDonald et al. 1984 . 
••• 
- all transitions gradual , depth of transition approximate. 
Figure 1. UPGMA cluster analysis of woody vegetation using Bray-Curtis similarity coefficient 
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APPENDIX 2 
THE RELATIONSHIP BETWEEN MOUND SIZE AND TERMITE POPULATIONS 
Table 1 presents a summary of studies in which parameters of termite mounds, such as 
height, volume or diameter, have been related to the population inside. Most studies have found 
quantitative or qualitative relationship between some measure of mound size and population. 
However, polycalic colonies, occupation of mounds by several species of termites or ants, and 
portions of mounds which are unoccupied as colonies senesce all complicate the relationship 
(Collins 1981b; Ferrar 1982b; Holt & Easey 1985). 
- .-.c-~ ,;. == 
Table 1. Regressions of mound parameters & populatlons. 
Species 
Macrotermes bellicosus 
Macrotermes michaelseni 
Macrotermes michaelseni 
Odontotermes wallonensis 
Trinervitermes geminatus 
Trinervitermes geminatus 
Nasutitermes costalis 
Homallotermes foraminifer ) 
Dicuspiditermes nemorosus 
Microcerotermes parvulus 
Cubitermes fungifaber 
• - adjusted R2 
Mound parameter R2 mound parameters 
& populations* 
height ~0.8 
height, diameter ~0.7 
volume, height, diameter 0.3 - 0.6 
circumference 0.9 
diameter 
diameter 
surface area 
weight 
diameter 
volume 
0.9 
0.1 - 0.6 
0.3 - 0.7** 
•• - not calculated in original publication, estimated from graph 
Comments 
Only for colonies in good condition <6 yrs. old 
Mound measurements not as good as queen or fungus 
comb weight. Size regression is related to mound cooling. 
See above 
Circumference better than fungus comb weight 
Not enough data for meaningful statistics 
General relationship said to hold but no quantitative data 
presented or statistical testing 
· No statistical testing or data 
Reference 
Collins 1981b 
Darlington 1982 
Darlington & Dransfield 1987 
Rajagopal 1985 
Josens 1972 
Ohiagu 1979a 
Wiegert 1970 
Matsumoto 1976 
Josens 1972 
Maldague 1964 
I\) 
_.. 
<.O 
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APPENDIX 3 
A TEST OF THE EFFECT OF OPENING TERMITE MOUNDS 
TO SAMPLE THE TERMITES INSIDE, ON MORTALITY OF THE MOUND 
As part of extensive studies of mound-building termites in the Northern Territory many 
mounds were sampled for termites. The method used was to break open a small part of the 
mound near the base and quickly remove a few soldiers using fine forceps. In many cases the 
material broken off the mound could not be replaced. 
On some occasions ants, particularly lridomyrmex purpureus sp. complex and Opisthopsis 
spp., were observed attacking the opened mounds shortly after sampling. As it was intended to 
revisit and measure the mounds and surrounding area at a later time, a check of the effect of 
sampling procedure on mortality of the mounds was conducted. 
One hundred mounds of Amitermes sp. apud. vitiosus, all in good repair were tested . All 
were located within an area of just over 2500 m2 1 km north of the "Annaburroo Point" weather 
station at the CSIRO Kapalga Research Station within Kakadu National Park (12°22 'S, 
132°17'E). The mounds were mapped then allocated to one of three treatments by use of a table 
of random numbers (Fisher & Yates 1952). Because mounds were randomly allocated to 
treatments the same proportion of mounds should have been initially unoccupied in each 
treatment. 
The first treatment was to leave the mound alone . The second treatment was to break a 
hole of about 10 to 15 cm diameter in the mound capping using a geologists hammer so that 
termites could be collected . The third treatment was to open the hole as in the second treatment 
but seal the breach rapidly after termites were collected to prevent ant attack. Silicone sealer 
was used to attach a piece of fine bridal veil over the hole. Meat ants , the only ants observed in 
the vicinity, could not penetrate the mesh. 
l· 
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All mounds were sampled three months later. One of 32 mounds unopened was 
unoccupied, one of 36 mounds opened was unoccupied, and none of 32 mounds opened but 
protected from invasion was unoccupied. This difference in death rate among the mounds was 
not statistically significant (P(HoJ = 0.35; generalized Fisher Exact Probability Test (Fisher 1958; 
Ghent 1972). There is thus no short term effect of termite collection on death or evacuation of 
mounds because of invasion by ants. 
APPENDIX 4 
MEASURING THE BIOMASSES OF HERBACEOUS VEGETATION AND LITTER 
DURING THE DRY SEASON 
IN THE ALLIGATOR RIVERS REGION, NORTHERN TERRITORY, AUSTRALIA. 
Abstract 
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Four main assumptions behind a frequently used method for estimating herbaceous 
biomass - the BOT ANAL procedure - are tested, viz. that three species of plants can be found on 
most quadrats, that species are certain proportions of total quadrat biomass, that these 
proportions do not change systematically, and that total biomass can be estimated equally well 
for a range of biomasses. The test was carried out using 415 quadrats of 0.25 m2 each from 21 
sites in three vegetation types and subject to different fire regimes , each measured during the 
early and late dry season. The total study area was about 150 km2 and was located within 
Kakadu National Park. 
The first assumption was found difficult to fulfill, with fire and herbivory reducing significantly 
the number of species per quadrat. The second assumption was also not fulfilled , with 
differences of up to 16% between the proportions of total biomass predicted and those observed . 
However, this difference was not statistically significant. The third assumption was not fulfil led , 
with fire , vegetation and time of year affecting the observed proportions of total biomass by up to 
40%. The fourth assumption was fulfilled , although R2 values were often below those reported in 
other studies. These difficulties can be overcome by a minor extension to the procedure. 
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Introduction 
Measuring the composition and biomass of large areas of herbaceous vegetation or litter is 
a frequently encountered problem. Complete measurements of large areas are impractical so 
sampling is necessary. However, many methods have been developed for particular 
vegetations, geographic areas and applications (reviewed by Shaw et al. 1976; t'Mannetje 1978; 
Tothill 1978). Most were developed for assessment of pastures and so have been tested in 
pastures (reviewed by Shaw et al. 1976; t'Mannetje 1978; Tothill 1978; Tothill et al. 1978). 
Hence, they can be used with confidence only under a restricted range of conditions. To widen 
the applicability of such methods, the assumptions of the method need to be tested under the 
widest possible range of conditions to ensure that differences in parameters, such as percentage 
dominance, are not obscured. 
This appendix reports a test of some of the key assumptions of one method for measuring 
biomass of herbaceous vegetation and litter in widespread use; the BOT ANAL procedure (Tothill 
et al. 1978). The test was c·arried out in relatively undisturbed native vegetation in a r~gion 
where the method had not been used or tested previously; the Alligator Rivers region of the 
Northern Territory of Australia (Story et al. 1969). Within this region a range of vegetation types 
were tested; grassland, woodland and open forest (Chapter 2). Unburnt and recently burnt sites 
within each vegetation type were tested giving a wide range of biomasses. The results have 
been used in studies of combustion and consumption by termites in the region (Chapter 5) 
Materials & Methods 
The BOT ANAL procedure 
Biomass was measured by the BOTANAL procedure; a combination of the dry-weight-rank 
and comparative yield methods with modifications (t'Mannetje & Haydock 1963; Haydock & Shaw 
1975; Jones & Hargreaves 1978; Toth ill et al. 1978) . In this procedure a set of reference 
quadrats are first chosen to represent points equidistantly spaced on a linear scale between the 
l· 
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minimum and maximum biomasses found on the site. Then a large number of random quadrats 
are scored on this scale by comparing their appearance and feel with the reference quadrats. 
The species which rank first, second and third in biomass on the quadrat are also recorded. 
After all the random quadrats are ranked, the reference quadrats are harvested. Then a 
regression between the quadrat biomass score and harveste.d biomass is calculated for the 
reference quadrats. The total biomasses of the random quadrats - scored on the same scale as 
the reference quadrats - are estimated from the regression equation. Finally, the total quadrat 
biomasses of each of the random quadrants is divided among the first, second and third ranked 
species according to empirically determined proportions to give a biomass for each species. The 
biomasses of each species are added over all random quadrats and multiplied by the appropriate 
factor to give a plot biomass. 
Four main assumptions are made in the procedure: that the first, second and third ranked 
species comprise 70.2, 21.1 and 8.7% of the total biomass; that these percentages do not 
change systematically; that three species are present in a majority of quadrats; and that an 
observer can adequately judge relative biomasses over narrow or wide ranges of biomass and 
for small or large total biomasses. Tests of these and assumptions are presented in this paper. 
Quadrat sampling 
At each site 10 quadrats were harvested, two of each score on a five point biomass scale. 
Quadrats were chosen by dividing the plot into regions of biomass corresponding to a quadrat 
score, then random locations were chosen from a table of random numbers (Fisher & Yates 
1952) until two quadrats had fallen within each region . The quadrats were square, with side 50 
cm. This size quadrat was found optimal in preliminary sampling. It is also the size 
recommended by several authors (t 'Mannetje & Haydock 1963; Haydock & Shaw 1975). The 
quadrats were delineated using a frame made from rigid electrical conduit which was placed over 
the area to be harvested. Any or all sides of the frame could be removed to assist placement 
over tall vegetation. 
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Quadrats were harvested at ground level by hand clipping, with one person collecting 
vegetation as another cut. All recognizably different species were separated during clipping and 
placed directly in paper bags. Most species could be separated, even on the burnt plots , by 
reference to unburnt stalks or plants nearby, although definite names could not be assigned to 
some species. All species were separated so that rankings could be checked. Fallen 
herbaceous material and leaf litter from woody vegetation was scored and collected separately. 
Samples were transported to the laboratory within five days, dried for a minimum of 12 
hours at so0c in a large, fan-forced oven, and weighed. Sampling was completed over three 
weeks during June-July, 1988 and during November 1988. 
Study Area 
The study was conducted in natural savanna near the north coast of the Northern Territory 
at Kapalga (12°20' to 45'8, 132°10' to 30'E), an area within Kakadu National Park set aside for 
scientific research. A general description of the area has been published by Story et al. (1969) 
and a specific description by Hodda (Chapter 2, Appendix 1 ). Climate is monsoonal, with little 
precipitation and low humidity from May to September, heavy precipitation and high humidity 
from November to March and transitional periods in October and April (McAlpine 1969, 1976). 
The region consists of gently undulating erosional plains cut across folded lower Proterozoic 
sedimentary, metamorphic and intrusive rocks with a few steep ridges of more resistant rock and 
extensive seasonal swamps along major watercourses (Story 1969). Soils are gradational , red 
or yellow-red, sandy or gravelly on laterite (Hooper 1969). 
Within the 300 km2 of Kapalga from which buffalo have been excluded since 1982, 21 sites 
from eight catchments were chosen for study from 36 previously surveyed sites (Chapters 2, 3). 
Sites were chosen on the basis of accessibility during the wet season and fire history. All sites 
were burnt by wildfire in September 1986. Six sites were also burnt in 1987 and 1988, six sites 
were burnt in 1987 only, and nine sites were not burnt again (Figure 1 ). The 1987 and 1988 fires 
were deliberately lit during the second week of June. Within each of the fire regimes there were 
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sites in each of three vegetation types. Detailed descriptions of these vegetation types and the 
sites used in this study have been presented elsewhere (Chapter 2, Appendix 1 ). Briefly, the 
sites were square with side 50 m. Grassland sites are in shallow valleys near small seeps where 
water is present over most of the dry season. Vegetation is very open with scattered Pandanus 
spiralis A.Br., Syzygium suborbiculare (Benth.) Hartley & Perry, Xanthostemon paradoxus F. 
Muell. and Melaleuca spp., over mostly low perennial grasses. The woodland sites are in slight 
depressions where soil drainage is impeded but surface water is not normally present. 
Vegetation is more dense than at the grassland site but still open, consisting of Melaleuca 
nervosa (Lindley) Cheel over low annual grasses. The open forest sites are level, well drained 
and covered by a low open forest of Eucalyptus miniata Cunn. ex Schauer and Eucalyptus 
tetrodonta F. Muell .. The understorey consists of tall grasses such as Sorghum stipoideum 
(Ewart & J.W. White) C. Gardener & C.E. Hubb. and Heteropogon triticeus (A.Br.) Stapf .. 
Soil characteristics are broadly correlated with vegetation types and have been described in 
detail elsewhere (Chapter 2). Briefly, grassland occurred on deep grey soils of loamy sand 
grading down the profile into sand to clayey sand. Woodland occurred on shallower, lighter 
coloured soils of similar texture. Open forest occurred on yellow-red soils of loamy sand to sandy 
clay loam grading down the profile into clayey sand to sandy clay loam. 
Calculations and analyses 
All calculations and analyses were conducted using Genstat 5.12 (Payne et al. 1987). 
Genstat was used rather than programs specifically written for data collected by the dry-weight-
rank and comparative yield methods - BOTANAL (Hargreaves & Kerr 1978) - so that data could 
be analysed at all stages in the calculations. Number of species per quadrat was analysed using 
log-linear models because the data consisted of counts of small numbers and therefore had a 
Poisson distribution (McCullagh & Nelder 1983; Zar 1984). 
Multiple regression analysis was used to test the effects on percentage biomass of fire 
history, vegetation type, catchment, time of year, number of species ranked within a quadrat, 
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measured total biomass of quadrat and estimated total biomass of quadrat. The effects of most 
2- and 3-way interactions of these factors were also tested (Table 1) . All interactions could not 
be tested because of limited computer memory. In any case, high level interactions are unlikely 
to be significant and are difficult to interpret (Sokal & Rohlf 1981; Zar 1984). The percentages of 
total biomass in the first and second ranked species were angular transformed for analysis so 
that the distribution approximated the normal distribution. The percentages of the third ranked 
species were log transformed because a graph of residuals versus fitted values revealed this was 
necessary for homoscedasticity (Zar 1984). Next, regressions between quadrat scores and 
measured total biomass were calculated. The effects of catchment, vegetation type, fire history 
and time of year on the R2 values were then tested using regression procedures. All regressions 
used the adjusted R2 statistic, expressed as a proportion (Mccullagh & Nelder 1983; Weisberg 
1985; Payne et al. 1987). This statistic is equal to the proportion of total variance accounted for 
by the regression. 
Results 
Of 415 quadrats sampled, 14 had no herbaceous biomass above ground and so had no 
ranked species; 92 had only one species and 135 quadrats had only two species. The number 
of species per quad rat was affected by fire regime and time of year, but vegetation type also 
modified the influence of each (Table 1 ). Overall, most species per quadrat were found on sites 
burnt in 1987 only, with significantly fewer species on sites burnt in 1987 and 1988, and 
significantly fewer still on unburnt sites (Figure 2). In grassland, sites burnt in 1987 had fewer 
species than other fire regimes, in woodland and open forest unburnt sites had fewer species 
(Figure 2). Overall, there were significantly fewer species per quadrat in November (Figure 3). 
When vegetation types were considered separately, there were fewer species in November in 
woodland and open forest only (Figure 3) . 
Over all quadrats, the first, second and third ranked species accounted for 87.0. 14.1 and 
2.8% of total biomass respectively : 95% confidence limits were 85.5 to 88.4, 11 .8 to 16.6 and 1.7 
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to 4.2% respectively. (The mean percentages do not add to 100%, nor are the confidence limits 
symmetric about the means because the data were angular transformed.) When the values for 
second and third ranked species were averaged over only the quadrats where these rankings 
occurred, the figures were 15.5 and 4.3% respectively (95% confidence limits 17.7 to 13.4 and 
3.1 to 5.7%). These percentages were significantly affected in some way by most of the factors 
which were tested (Table 2). Fire regime affected the percentages of all ranks, number of 
species in the quadrat and quadrat score affected the percentages of first and second ranks, 
vegetation type and catchment affected the percentages of first and third ranks, and various 
combinations of fire regime, number of species in the quadrat, time of year, catchment and 
vegetation type interactively affected the percentages of one of the ranks (Table 2) . 
The various statistically significant influences had effects differing greatly in magnitude: 
some affected percentage biomass by less than 1 %, others affected by more than 25% (Table 
3). The number of species in the quadrat and the site affected the percentage of the first ranked 
species most (Table 3) . The number of species in the quadrat, vegetation type and time of year 
affected the percentage of the second ranked species most (Table 3). The sampling time at a 
particular site affected the percentage of the third ranked species most (Table 3). 
The proportion of total variance accounted for by the regressions, for each site at each 
time, of quadrat scores against measured herbaceous biomasses were not related to any 
environmental factor (Table 4, Figure 4). Similarly, the proportion of the total variance accounted 
for by the regressions of quadrat scores for litter against measured litter biomasses were not 
related to any environmental factor (Table 4, Figure 5) . 
Discussion 
The present results show that the assumptions of the BOT ANAL procedure apply to varying 
degrees, for herbaceous vegetation at Kapalga. However, with appropriate modification to the 
procedure the possible problems can be overcome. 
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The assumption that three species can be found in most quadrats was not fulfilled, with 
three species found on only 42% of quadrats and 26% of quadrats with one or fewer species. 
One solution to this problem is to use larger quadrats. The problem with increasing quadrat size 
is that larger quadrats cannot be viewed at one sight and require scanning, especially in tall 
vegetation. This problem has also been reported by others (Tothill et al. 1978). Some authors 
have recommended a general minimum quadrat size of 1 m2 for herbaceous vegetation (Williams 
1971), however, others have found that quad rats from 0.01 to 0.25 m2 do not affect estimates of 
composition (t'Mannetje & Haydock 1963). 
Of course, a high or changing level of dominance by one or two species may be 
characteristic of a grass community. This appears to be the case at Kapalga and may be due to 
three factors. One is recent fire, which significantly reduced the number of species per quadrat. 
Consumption of herbaceous vegetation may also have reduced the number of species per 
quadrat, as evidenced by the reduction later in the dry season. Most grasses in the area do not 
resprout during the dry season (Lazarides et al. 1965; Mott et al. 1985). The third factor which 
may cause high dominance is frequent fires over many years. Under these circumstances 
certain species, such as annual sorghum (S. stipoideum), can become very dominant (Lazarides 
et al. 1965; Stocker & Sturtz 1966). 
The high degree of dominance in the community was also reflected in the departure of the 
observations from the second assumption, namely that the first, second and third ranked species 
comprise 70, 21 and 9% of the total biomass. The sizes of the differences (+16, -7 and -6%) are 
such that considerable errors may occur if the theoretical percentages are used and the 
statistical significance of the differences was high. 
The systematic effects of environmental factors on the percentages, in violation of the third 
assumption are also serious. The substantial effects of fire , time of year and site all suggest that 
errors which may obscure important trends may occur unless percentage biomasses are 
calculated separately for areas differing in any observable environmental factor. 
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The final assumption - that regressions of quadrat scores and measured total biomass are 
unaffected by environmental factors - seems to hold well. Despite total biomass in quadrats 
varying by over two orders of magnitude, R2 values were generally over 0.5. This is not as good 
as values over 0.7 observed elsewhere (Haydock & Shaw 1975; Tothill et al. 1978) : both papers 
quote values of r which have herein been converted to adjusted R2. More important is the lack of 
systematic bias: regressions from sites recently burnt or with low biomasses were no better or 
worse than those from sites long unburnt or with high biomasses. 
The initial publication of the BOT ANAL procedure emphasized that assumptions should be 
checked and data examined when applying the method (Tothill et al. 1978). The present results 
reinforce the need to do this. In particular the percentages of total biomass of the first, second 
and third ranked species should be checked. One way to do so, is to harvest the main species 
within the quadrat separately. Although additional effort is required over the unmodified method, 
better estimates of biomass should result. This is particularly important in comparative studies. 
The number of species in a quadrat should also be considered and allowed for in calculations. 
When both of these things are done, the procedure should remain an efficient and reliable way of 
estimating grass and litter biomass. 
Table 1. Log-linear regression analysis of number of species per quadrat. 
source of variation* df x2 probability 
fire regime 2 10.296 0.005 
vegetation type 2 4.330 0.115 
time of year 1 9.846 0.002 
fire regime. vegetation type 4 12.523 0.014 
fire regime.time of year 2 2.373 0.305 
vegetation type.time of year 2 7.225 0.027 
fire.vegetation.time 4 3.232 0.520 
residual 397 
• - . indicates the interaction of sources of variation, that is one factor modifies the effect of the 
other. 
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Table 2. Effects of possible Influences on % biomass accounted for by 1st, 2nd & 3rd ranked species In the BOT ANAL procedure. 
Source of variation• species rank 1 species rank 2 species rank 3 
df F .. Prob. df F** Prob. df F*** Prob. 
vegetation type 2 0.42 0.667 2 4.82 0.031 2 2.07 0.173 
fire regime 2 9.22 0.004 2 32.58 <0.001 2 13.38 0.001 
vegetation.fire 4 0.42 0.791 4 0.81 0.544 4 1.08 0.412 
error (catchment.vegetation) 11 11 11 
time of year 1 0.48 0.502 1 0.60 0.454 1 29.92 <0.001 
time. vegetation 2 4.95 0.027 2 7.20 0.009 2 0.33 0.726 
time.fire 2 10.95 0.002 2 54.36 <0.001 2 2.31 0.145 
time. vegetation. fire 4 1.41 0.289 4 4.36 0.021 3 5.28 0.016 
error 12 12 11 
(catchment.vegetation.fire) 
no sp per quadrat 2 304.20 <0.001 1 6.45 0.012 O:t: 
no sp.vegetation 4 1.09 0.362 2 0.56 0.572 0 
no sp.fire 4 2.60 0.036 2 1.33 0.266 0 
no sp.time 2 0.65 0.523 1 2.77 0.097 0 
no sp.vegetation.fire 4 2.29 0.060 2 6.44 0.002 0 
catchment 7 1.55 0.150 7 1.39 0.210 7 5.34 <0.001 
sitet 5 2.45 0.034 5 1.00 0.418 5 2.92 0.014 
catchment.time 7 1.41 0.200 7 2.02 0.053 5 2.46 0.033 
sitet.time 4 0.60 0.663 3 0.43 0.732 1 2.85 0.093 
total quadrat mass 1 11 .22 <0.001 1 4.52 0.035 1 62.75 <0.001 
mass.no sp l2 3.91 0.021 1 2.79 0.096 0 
mass. vegetation 2 1.59 0.206 2 1.18 0.309 2 1.14 0.321 
mass.fire 2 2.34 0.098 2 3.18 0.043 2 3.05 0.049 
mass.time 1 0.00 0.975 1 0.01 0.920 1 1.99 0.160 
quadrat score 10 2.47 0.007 10 2.32 0.013 9 1.86 0.058 
error 304 223 261 
(catchment .vegetation.time .score.replicate) 
• 
- . indicates the interaction of sources of variation rv t - assuming site as a fixed effect w rv 
•• - angular transformed ((180hc)arcsin (x 112)) :f: - species rank 3 only found on quadrats with 3 ranked species 
••• 
- loqarithmically transformed 
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Table 3. Effect of significant factors and factor combinations on estimates of% biomass.* 
Source of variation** Maximum effect*** (%) 
Rank 1 Rank 2 Rank 3 
fire regime 
quadrat score 
no of spin quadrat 
sitet 
fire regime.no. of sp 
0.33 
8.16 
27.60 
26.32 
3.08 
fire regime.time of year 
time.no of sp. vegetation 
sitet.time of year 
catchment 
time of year 
10.76 
7.36 
3.49 
13.68 
45.28 
3.18 
11.56 
35.69 
9.86 
0.77 
• - Significance of all factors is presented in Table 2. 
•• - . indicates the interaction of sources of variation. 
••• - Effect is calculated as the difference between largest and smallest estimates of percentages 
for different levels of a single source of variation, or combinations of levels for interactions. 
t - Site = catchment. vegetation type. 
Table 4. Analyses of variance of %R2 values. 
grass biomass litter biomass 
Factor df F p F p 
fire 2 0.21 0.8141 0.01 0.990 
vegetation type 2 0.61 0.5624 0.21 0.814 
catchment 6 0.48 0.8091 0.83 0.573 
residual(vegetation .catchment) 10 
time of year 1 0.69 0.4192 2.75 0.128 
time. vegetation 2 0.39 0.7837 0.90 0.437 
time.catchment 7 1.88 0.1868 0.73 0.653 
residual(time.vegetation.catchment) 10 
Figure 1. Study sites 
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Figure 2. Effect of time since fire on number of species found in quad rats. 
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Figure 3. Effect of time of year on number of species found in quadrats. 
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Figure 4. Effects of time of year, catchment, vegetation type and fire 
regime on R 2 values for regressions of quadrat scores 
against biomass of herbaceous vegetation in the quadrat. 
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against biomass of litter in the quadrat. Bars represent LSD at P<0.05. 
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APPENDIX 5 
METHODS FOR SAMPLING SUBTERRANEAN TERMITES 
The best method for sampling termites in the soil has been discussed frequently but not 
resolved (for discussions of the various methods see the references in Table 1, Chapter 8 ; also 
Lee & Wood 1971b; Josens 1972; Sands 1972; Haverty & Nutting 1975; Haverty et al. 1976; 
Baroni-Urbani et al. 1978). There are two basic methods with a number of variations on each. 
One method uses artificial baits. Abundance is estimated from the total number of termites 
in the baits. Activity levels of the termites are inferred from the number of baits attacked and the 
time taken for termites to invade the baits. This method has been frequently used because it is 
simple and requires relatively little effort to place or collect the baits, then sort the termites from 
the bait substrate. However, there are several problems with this method. First, only some 
termite species are attracted to the baits (Sands 1972; Haverty et al. 1976). Further, the species 
attracted to the baits may change according to the nature and size of the bait (Sands 1972). 
Second, attractiveness of baits may depend on weather, vegetation or other external conditions 
(Lepage 1974; La Fage et al. 1976; Hosny & Said 1980; Ferrar 1982c; Jones et al. 1987). Third , 
baits may produce inflated estimates of abundance because they are an additional food source. 
Fourth, abundance and activity are confounded, with estimates of either depending on the other. 
The other method of sampling termites in the soil is by taking soil samples and then sorting 
the termites from the other material. This method is more laborious than the baiting method but 
activity and abundance are more easily separated. There are two alternative sampling 
strategies . 
In the first a large surface area of soil is used for each sample so that the numbers of 
termites in the samples approximate a normal distribution. Mostly, only the soil near the surf ace 
is sampled to avoid the necessity of sorting large volumes of soil (Table 1, Chapter 8). A 
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combined estimate of activity near the surface and abundance is the result. Including termites 
lower in the soil by taking deeper samples makes the process so labour intensive that it has only 
been achieved in conjunction with large scale earthworks undertaken for other purposes 
(Bouillon et al. 1962; Hartwig 1966). Even so, the volumes of soil involved are so large that it is 
impractical to sort or count individual termites and the number of discrete nests must be counted 
instead. Estimates of population density then depend on extrapolation from the mean number of 
termites per nest. Both shallow and deep sampling of large areas cause site disturbance as 
well. 
The second sampling strategy uses many deep cores with small surface area. If the cores 
are sufficiently small that most contain no more than one termite, most of the information on 
abundance is in the presences or absences of termites in the cores (Legendre & Legendre 1983; 
Zar 1984). Binary data such as this forms a Binomial or Poisson distribution. These 
distributions converge for large sample numbers provided the frequency of either presences or 
absences is low (Zar 1984). Advantages of this method are threefold : abundance is estimated 
independent of activity for all termites but those nesting very deep in the soil ; minimal 
disturbance is caused; and the estimates of abundance are independent of the sample area 
(unlike the situation with large sample areas where the sample area must be larger than any 
aggregation of termites) . Most recent studies of soil termites have used variations on this 
method (Table 1, Chapter 8). 
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APPENDIX 6 
STATISTICAL METHODS 
This appendix presents simple conceptual descriptions of the logical and statistical bases of 
the methods used in this thesis. The aim is to clarify the procedures where the logical basis may 
appear to be unclear and to assist understanding of the discussion of assumptions in the main 
text. In most cases the methods and assumptions are not unique; indeed most statistical 
techniques rely on some simplifying assumptions for their power and generality. 
The topic of this thesis is not statistical methods, and in any case the methods are not 
original. The following descriptions are not intended to be strictly mathematically rigourous, nor 
necessarily follow the exact procedure used. More detailed mathematical treatment may be 
found in statistical texts (eg Bliss 1967; Sokal & Rohlf 1981; Zar 1984) . 
Categorical regression with very different replication (Chapter 3) 
The methods used in this chapter are basically the same as a standard ANOVA, which is 
just a special case of categorical regression. However, the number of sites or replicates in the 
area with buffalo is much smaller than that in the area without buffalo. This may appear to make 
comparisons difficult, but with a few simple assumptions, this need not be so. 
Consider a normally distributed population of 1000 sites with meanµ and variance CJ. Now 
consider 12 samples taken from this population. If these samples are taken in an unbiased way , 
the mean and variance of these samples should approximate the mean and variance of the 
populationµ and CJ. Consider now another sample . If the value of this sample lies a long way 
from the sample mean, it is highly unlikely that this point belongs to the population with mean µ, 
providing that population has a normal distribution and that the sample mean and variance are 
adequate estimates of the realµ and CJ. Put another way, if only one in 1000 sites in the whole 
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population has a value a long way from the mean, it is highly unlikely that one particular sample, 
chosen in advance, will be this one. If there are two samples to be compared with the original 
population and they are both a long way from the sample mean, it is more unlikely that the two 
samples are from the same population. 
This case is different from testing for relationships a posteriori as in most multivariate 
methods. Considering the same 14 samples from the population of 1000, it is quite possible that 
one of these 14 will lie a long way fromµ, but less likely that a particular one, chosen 
beforehand, should do so. Thus one must be careful of finding odd outliers or groups in a series 
of samples and then finding reasons that these samples are different; maybe they are not. 
There is another possibility when comparing two samples with the group of 12. The two 
samples may have very different values. Both may be unlikely by themselves, but together they 
may indicate another relationship between the samples : the pair of samples may come from a 
population which is much more variable than the group of 12. Hence the mean of the population 
containing the pair of samples may be quite close to µ, and the position of the samples may be 
not as unusual as it first seems. With only two samples there is no way to tell for certain if this is 
the case. However, using the same logic as that described above, it is possible to ask how likely 
a given variance betweeen the pair would be if they came from a population with variance the 
same as that of the 12 samples. If this is not unlikely, it may be assumed that the variance of the 
pair is the same as that of the 12. With this assumption standard statistical inferences are now 
possible. 
If one assumes that the variance of the population containing a pair of samples is the same 
as that in the larger, related population, in this case cr, the two pairs of samples can be 
compared . The extra uncertainty in estimating the means of the populations from which each 
pair is drawn can be incorporated in calculations by specifying that the distance between means 
must be larger the smaller the sample size. 
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In Chapter 3 there is an additional reason to believe that the assumption of variances in all 
the groups of samples may be similar. There are three groups of 12 samples each and each 
have similar variance. Having three groups of 12 replicate samples also allows a better estimate 
of the underlying population variance. 
Thus with a few assumptions, which can be readily checked, if not tested rigorously, a wide 
range of problems can be attempted, such as the very unequal replication of study described in 
Chapter 3. 
Harmonic regression (Chapter 7) 
Each curve presented in Chapter 7 is based on either three of four values. Only one cosine 
curve of wavelength 24 hours can be drawn through three points with different values. Thus a 
curve could be fitted through any set of random values, which may seem to make the procedure 
pointless. In Chapter 7, it is not the curves themselves which are analyzed but the parameters of 
the curves; the amplitude, position and time of maximum. If the values on which the curves are 
based were random, one would expect these parameters also to be random, or at least unrelated 
to fire, size of mound etc. The analysis of variance suggests that this is highly unlikely. It is not 
suggested that each curve describes the CO2 production of a particular mound over the course 
of the day perfectly, but rather that the mean of the parameters for all the mounds in grassland, 
for example, describes the approximate parameters. 
Why fit these cyclic curves at all? Because without them the diurnal variation is so great 
that the real difference between the vegetation types would be difficult to observe. The very 
similar results obtained by fitting an even simpler form of curve - joining the points by a series of 
straight lines - shows that the exact form of the curves does not really matter to the conclusions. 
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Differences of means (Chapter 8} 
In Chapter 8, confidence intervals of minimum abundances overlap, yet the curves are 
found statistically different by the harmonic regression. This apparent paradox is sometimes 
encountered in multiple comparison tests; indeed, it is a manifestation of the greater power of 
linear models to detect differences in means over individual tests of all combinations of means. 
Harmonic logistic regression (Chapter 8} 
Logistic regression is used in Chapter 8 for the analysis of data with a binomial error 
distribution. The most common occurrence of such data in ecology is processes for which the 
response is all-or-nothing, such as dead or alive, or, as in this case, termites present or not. The 
problem with dichotomous data such as the above is that, even if the true probability of dying at 
time x is, say 0.25, each organism can only be dead or alive (despite jokes about being a little 
pregnant!) . One way around this problem is to measure many individuals at the same time, so 
that on average 0.25 of the population dies at time x. This approach can give useful results 
because the binomial distribution approaches a normal distribution for very large samples. 
An alternative approach is necessary when many individuals cannot be sampled 
simultaneously and the time a sample is taken may affect the probability of the outcome. In this 
case the question may be reformulated as "given series of O's and 1 's taken at particular times , 
what is the probability of getting a 1 at any particular time?" A better form of the question for 
statistical testing is "what is the line of probability which best fits the data, and what is the 
probability of this line occurring by chance?" 
The line of probability best fitting the data is best described by example. If samples were 
taken every hour and alternate samples scored 0 and 1 all day, the line of probability best fitting 
the data would be a horizontal line of probability 0.5, even though none of the points lie on this 
line (they are all O's and 1 's) . Similarly, if every third point was a 1 and the rest O's the best 
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probability fit would be a horizontal line of probability 0.33 (ignoring for the moment the possibility 
of a sine curve with wavelength 3 hours). In this latter case, if one divided the day into 2 hour 
periods, some would have no 1 's in them, others would have one of two values equal to 1, equal 
to a probability of 0.5 in that particular period. Thus dividing the day into intervals is not 
necessarily a good idea. 
A better approach may be to find the best horizontal straight line for the data, then test to 
see whether a curve where probability of a core containing termite is related to the time of day fits 
the data better. In this case the simplest cyclic curve, the cosine, indeed fits the data better than 
a straight line, as indicated by the variance or F ratio. This indicates that the time a sample was 
taken is related to the line of probability best fitting the data. The parameters of the cyclic curve 
fitted can also be tested to ensure that there is not such variance around the curve that a curve 
with zero amplitude is within the 95% confidence limit. (A cosine curve with zero amplitude is a 
straight line.) The final test on the data is to test whether parallel lines for each site fit the data 
even better, and whether these parallel lines are likely to occur by chance. 
The example above with every third core containing termites also illustrates the importance 
of using a binomial distribution. If the 1 occurred in the third hour, the deviations of the individual 
samples from the overall probability are 0.33, 0.33 and 0.66 respectively for the first three hours, 
with the third value obviously deviating from the true probability by much more than the first two. 
Over 24 hours there would be 16 deviations of 0.33 and 8 deviations of 0.67. The deviances 
above the mean are always larger than those below it and there are no small deviances, 
indicating no values clustered close to the mean. Thus a symmetric normal distribution cannot 
be assumed. 
The efficiency of the method using both the logistic and harmonic assumptions can be seen 
in the estimates of abundance. Even at the time of minimum abundance , there is some 
probability of a core containing termites , despite no observations in cores from either grassland 
or woodland between 12:01 and 15:00 . Of course none of five or six cores containing any 
I· 
I· 
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termites is not very unusual if the probability of hitting at least one termite is only about 0.05 or 
0.2, as is predicted for the grassland and woodland. Likewise, one core in three containing 
termites is also not exceptionally unusual given an underlying probability of 0.1, as in the open 
forest. However, if the probability of a core containing termites is the same all day, it is unusual 
for the cores containing termites to occur at the times they did by chance. In terms of Chapter 8, 
Figure 1 (p.192), where the day is divided into 3 or 4 hour periods, it is unlikely that 1 0 of 26, 1 o 
of 36, 3 of 14 and 5 of 51 cores would contain termites if the probability of a core containing 
termites was the same all the time. Of course, division of the day into 3 or 4 hour periods loses 
some of the information of exactly when the cores containing termites were taken, and so exact 
times were analyzed rather than grouping the cores into arbitrary periods of the day. 
I· 
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